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Miller and Lewis (1) studied the metabolism of d-xylose in 
the rat and found it to be non-glycogenic and poorly absorbed. 
Increased pentose content of the liver, kidney, and blood resulted 
after its administration. Blatherwick et al. (2) reported no in- 
crease in glycogen content of liver and muscle after d-xylose was 
fed to rats, and no change in the lactic acid content of liver, muscle, 
and blood was observed. There was a rise in the non-fermentable 
reducing substances of the liver, muscle, kidney, and blood and a 
significant increase in blood glucose. Miller and Lewis also 
noted an increase in the fermentable reducing substances of the 
blood but questioned its significance. Blanco (3) observed a 
similar increase in blood glucose after the administration of d- 
xylose to rabbits. Marble and Strieck (4) found a slight rise in 
the respiratory quotient of normal and diabetic men and normal 
and phlorhizinized dogs after the ingestion of d-xylose and con- 
cluded that oxidation of the sugar had taken place. Magendantz 
(5) fed d-xylose to dogs which had fasted for 2 or 3 weeks and 
found that it caused considerable diuresis and a marked diminu- 
tion of nitrogen excretion, indicating that the carbohydrate ex- 
erted a protein-sparing action. However, he obtained no evidence 
that it induced glycogen formation even when fed in large amounts. 
According to Nothdurft (6) d-xylose was partially utilized by man 
and guinea pig. ° 

Although considerable work has been done on the utilization of 
this pentose, its optical isomer, l-xylose, has received but scant 
attention and apparently no study of its metabolism has been 
undertaken. This sugar is of particular interest because of its 
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2 Metabolism of /-Xylose 
close relationship to the ketopentose, /-xylulose, which occurs in 
pentosuria, and also because of its use in the synthesis of ascorbic 
acid. The present paper deals with the question of the utilization 
of this sugar by the animal organism. 

Preparation of l-Xylose—l-Xylose was synthesized from d- 
sorbitol by the method of von Vargha (7). 310 gm. of 80 per cent 
sorbitol syrup! were shaken with 100 cc. of water, 135 gm. of 
benzaldehyde, and 25 cc. of concentrated HC! for 6 hours, after 
which time most of the monobenzal sorbitol had crystallized. 
The crystals were filtered by suction before any of the amorphous 
dibenzal sorbitol had precipitated. They were washed with ice 
water, then removed from the filter and placed in a mortar and 
thoroughly mixed with ice water, and again filtered. The crystals 
were then ground with sufficient alcohol to make a thin paste, and 
filtered. The monobenzal sorbitol was washed with a small 
amount of ether and dried at 50°. This treatment was found 
to produce a sufficiently pure compound (m.p. 171°) without 
further recrystallization. 

For the preparation of monobenzal [-xylofuranose, 85 gm. of 
monobenzal sorbitol were shaken with 140 gm. of Pb(C2H;02), 
in 750 cc. of glacial acetic acid for 1 hour, after which the acid was 
distilled off in vacuo at 40° The residual syrup was dissolved 
in 300 cc. of cold water, and extracted with 930 cc. of c.p. ethyl 
acetate. If the ethyl acetate was not of the highest purity, ex- 
traction was not complete and an impure product resulted. The 
ester solution was washed twice with 300 cc. portions of water to 


1 The sorbitol syrup used in the synthesis of /-xylose was generously 
furnished by the Atlas Powder Company. 

* For the preparation of lead tetraacetate (8) 500 cc. of glacial acetic 
acid were heated to 50-60°. 200 gm. of Pb;O, were added in small portions 
and the mixture stirred mechanically after each addition until the red 
color disappeared. Toward the end of the reaction a small amount of 
undissolved lead tetraoxide remained. The lead tetraacetate was allowed 
to crystallize overnight in the refrigerator in a tightly stoppered bottle, 
then filtered on a Buchner funnel, and washed with a small amount of 
cold glacial acetic acid. Yield 150 gm. If suction was continued too long, 
the tetraacetate decomposed. Recrystallization was found unnecessary 
for the above synthesis. The moist crystals were quickly transferred to a 
shaking bottle, weighed, and the appropriate amounts of glacial acetic 
acid and monobenzal sorbitol added before decomposition of the lead 
tetraacetate could take place. 
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remove any trace of lead. A small amount of water was then 
added and the extract evaporated to a thick syrup in vacuo. 60 
gm. of the syrup were refluxed on the water bath for 1 hour with 
600 cc. of 10 per cent acetic acid. The acid and liberated benzal- 
dehyde were distilled in vacuo at 40°. The L-xylose syrup was 
dissolved in water, treated with norit, and concentrated in vacuo 
several times. The thick syrup was then dissolved in hot ethyl 
alcohol, and, after it had cooled, ether was added to a slight tur- 
bidity. Crvstallization took place readily. Yield about 25 gm. 
[a]? = —18.6° + 0.2°. 


EXPERIMENTAL 


A group of normal adult white rats (aged 95 to 119 days) from 
our stock colony and previously fed our stock diet was used for 
the experiment. They were fasted 24 hours prior to the feeding 
of the l-xylose. 2 cc. of a 25 per cent solution of the sugar were 
then given by stomach tube and after a 3 hour absorption period 
the rats were anesthetized with sodium amytal; the hind legs 
were then skinned, and after being frozen in situ with CO, snow 
the legs and liver were removed and placed in liquid air. The 
technique employed for the preparation of the tissues for analysis 
and the methods used for the determination of glycogen, lactic 
acid, fermentable and non-fermentable sugar have been described 
in an earlier paper (9). 

A summary of the results obtained with the experimental animals 
together with those for the 27 hour control rats is given in Table I. 
The control values were obtained over a period of 4 years in other 
experiments dealing with carbohydrate utilization, and were 
sufficiently uniform to justify combining them. As the average 
liver glycogen content of fasting males remains at a considerably 
higher level than that of females, the hepatic glycogen values 
have been grouped according to the sex of the animal. There 
was no apparent sex difference in muscle glycogen values. 

The results of the tissue analyses are expressed as maximal, 
minimal, mean, and standard deviation of the mean values. 

From an inspection of these results it is apparent that /-xylose 
is not utilized by the rat. No marked increases were noted in the 
glycogen, lactic acid, and fermentable reducing substances after 
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TABLE | 


Carbohydrate Content of Tissues of Control and Experimental Rats 
The results are expressed in mg. per 100 gm., except for blood in which 
case they are recorded as mg. per 100 cc. The values for glycogen are 
given in terms of glucose. The figures in bold-faced type represent values 
for the rats given I-xylose. 


Standard No. of rats 


Substance determined Maximal Minimal, Mean deviation + 
of mean! Males Females 








Glycogen, liver 603 26 203 28 30 
oy 26 | 467 68 | 216 42 8 
“ . ‘1847 94 | 535 | 67 41 
” = 609 75 =| 273 46 10 
” muscle ..| 749 370 563 11 40 29 
“ “ 674 | 422 8=©6609* 10 10 8 
Lactic acid, liver 17.5; 5.5| 10.0} 0.5) 2 | M4 
“9 - Zs 10.8 5.5 | 7.3*| 0.4 10 8 
_ ‘** muscle | §4.2 11.8} 22.8 1.2) 31 20 
- - - 62.0) 18.6) 24.3, 2.1) 10 8 
as ** blood ; 1 S207 Gi wet 1.07 '@ 1 8 
“ " Bete, ” | 16.8; 6.8; 10.6% 10) 6 5 
Fermentable reducing sub- | 
stances 
Liver.. ..| 220 | 51 104 4.1 | 34 19 
3 (119 «| «(56 83* 4.2 | 10 | 7 
Muscle | 42 e70 # )t28) aye 
” ie 0 14 | 1.0 | 10 | 8 
Kidney. | & | 53 | 2.0) 35 | 19 
ve | 7% | 29 53 2.4 | 10 8 
Blood. . 92 | 59 74 tak oe 
“ 7 | 0 |e | w i] az7l| 6] s 
Non-fermentable reducing 
substances 
Liver... ' S.1.6 13 1.9 | 34 | 19 
- 67 | 18 | S* | 2.6; 10 | 7 
Muscle... las | 4 | 17 | 1.2] 36 | 19 
ele? | 28 7 | 16 | 1.7] 10] 8 
Kidney... : — oe Fo) ee 35 | 19 
. rr: .....| 1638 | 18 | 49* 88} 10 8 
Blood....... — 2 5 0.4 t=. 
“ | a | @ | |] o6] 6] & 





* Statistically significant by the ¢ test of Fisher (10). 


its administration. In most instances the feeding of the pentose 
resulted in significant decreases of these substances. Significant 
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increases occurred only in the non-fermentable reducing sub- 
stances of the liver, kidney, and blood. 

Il-Xylose is very poorly absorbed from the gastrointestinal tract 
and practically all rats developed severe diarrhea after it was 
given. In order to overcome this diarrhea, 1 ec. of a 25 per cent 
l-xylose solution was given in place of the customary 2 cc. for the 
absorption studies. The coefficient of absorption is extremely 
low, 0.007, the average for eleven rats. 


DISCUSSION 


There is nothing in the data to indicate that /-xylose is glyco- 
genic. A slight increase was observed in the liver glycogen of 
females, while there was almost a 50 per cent decrease in the livers 
of males. Why such a decrease occurred is problematical. There 
were decreases in the muscle glycogen of both males and females, 
also in the lactic acid content of the liver and blood, and in the 
fermentable reducing substances of the liver. That some of the 
xylose was absorbed may be adduced from the significant increases 
in the non-fermentable reducing substances of the liver, kidney, 
and blood. ‘The rate at which it was absorbed from the gastro- 
intestinal tract was only 7 mg. per 100 gm. of rat per hour, the 
lowest coefficient of absorption recorded for any carbohydrate. 

The metabolism of l-xylose follows quite closely that of d-xylose 
with one notable exception; an unquestionable rise in the fer- 
mentable sugar of the blood occurs after the administration of the 
latter. The coefficient of absorption for d-xylose is 74, which 
would mean that considerably more of this pentose is absorbed 
than of the 1 form, as shown by the much greater rise in the non- 
fermentable reducing substances of the liver, muscle, kidney, 
and blood with the former. The significant increases in the non- 
fermentable reducing substances after the feeding of /-xylose are 
relatively slight when compared with the 5-fold increase for 
blood, 6-fold for liver, and 14-fold for kidney after d-xylose ad- 
ministration. Such differences may be explained by assuming 
that the gastrointestinal mucosa is not permeable to the d and 
l forms of the pentose to the same degree. Similar results have 
been noted for d- and I[-xylulose, the former having a coefficient 
of absorption of 131 and the latter of 44. 
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These findings are difficult to reconcile with Verzdr’s theory 
(11) of selective absorption according to which glucose and 
galactose are selectively absorbed because they are phosphory- 
lated in the intestine, while the pentoses, which are not susceptible 
of phosphorylation, are absorbed by simple diffusion. The ab- 
sorption of the latter is, therefore, dependent on concentration. 
Verzar and his associates found that xylose, arabinose, and rham- 
nose were absorbed from the intestine at practically an identical 
rate which was not influenced by adrenalectomy or poisoning with 
monoiodoacetic acid or phlorhizin, which inhibit phosphorylation 
of the hexoses. According to Deuel and his collaborators (12), 
the rate of glucose absorption was not decreased after adrenalec- 
tomy provided the normal physiological salt balance was main- 
tained and they concluded that the adrenal cortex did not directly 
alter the ability of the rat to absorb glucose. Klinghoffer (13) 
found decreased absorption of xylose as well as glucose after 
monoiodoacetic acid poisoning and attributed it to the severe 
intestinal pathology caused by the poisoning rather than to any 
specific action of the drug on intestinal phosphorylation. Lam- 
brechts (14) concluded that the effect of phlorhizin was due to 
its toxic action on cellular structure instead of any specific inhibi- 
tion of phosphorylation. 

If we accept Verzdr’s view of diffusion of the pentoses, we 
should obtain identical coefficients of absorption’ for d- and I[- 
xylose and d- and /-xylulose instead of those found; namely, 
0.074, 0.007, 0.131, and 0.044. It would be difficult to ascribe 
these differences to phosphorylation. It would seem that in 
any absorption study not only phosphorylation and diffusion 
must be considered but also the configuration of the substance 
in question. The results which we have obtained with optical 
isomers of aldo- and ketopentoses indicate that diffusion is de- 
pendent upon the structure of the sugar. 


SUMMARY 


The feeding of /-xylose to rats increased significantly the non- 
fermentable reducing substances of the liver, kidney, and blood, 


3 These absorption studies were all carried out at the same concentra- 
tion, 2 ec. of a 25 per cent solution, with the exception of /-xylose, in which 
instance the dose was reduced to 1 ec. to prevent the diarrhea caused by 
the larger amount. 
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but failed to increase the glycogen content of the tissues. Sig- 
nificant decreases occurred in liver and blood lactic acid, muscle 
glycogen, and in the fermentable reducing substances of the liver 
after its administration. 

l-Xylose is very poorly absorbed from the gastrointestinal 
tract. Its coefficient of absorption, 0.007, is the lowest recorded 
for any carbohydrate. 
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Extensive literature exists on the significance of plasma phos- 
phatase in various biological problems. These reported investiga- 
tions have proved to be very valuable clinically in the diagnosis of 
certain diseases which are connected with an increase of the plasma 
phosphatase activity. Although the usefulness of the tests cannot 
be denied, no satisfactory explanation has been given for the phe- 
nomena on which the tests are based. It seems important there- 
fore to investigate the function of this enzyme not only in patho- 
logical but also in normal cases. 

The work of Bodansky (1) on serum phosphatase of dogs has 
indicated the functional importance of plasma phosphatase. 
He found that prolonged fasting greatly reduced the serum phos- 
phatase activity of young dogs, and an increase of this enzyme 
was obtained only after ingestion of carbohydrates. Ingestion 
of fat (cream) or meat did not have any effect. The suggestion 
was made that the increase of serum phosphatase after ingestion 
of carbohydrates was due to increased functional activity, with 
transitory hexose phosphate formation and production of phos- 
phatase by the intestinal mucosa and probably by other organs, 
a conception which appears to be supported by the works of 
Lundsgaard (2) and Verzdr and coworkers (3, 4) on carbohydrate 
resorption. However, our findings on albino rats present an 
entirely different picture, whereby we came to the conclusion that 
certain unsaturated fatty acids are the factors influencing plasma 
phosphatase activity. 
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EXPERIMENTAL 


Albino rats were used. Besides other advantages (5), the plas- 
ma phosphatase activity is unusually high in rats (6), which makes 
them especially suitable for this type of work. Because of the 
limited blood supply of these animals, however, it was necessary to 
use an ultra micromethod which enabled the carrying out of 
enzymatic determinations with 1 drop of blood. The Linder- 
strgém-Lang and Holter technique (7) was used in combination 
with the capillary technique developed by Richards and co- 
workers (8, 9). The average deviation observed by Walker (9) 
was +2.5 per cent. When our combined technique was applied 
to known amounts of phosphate, the average deviation was found 
to be +3.0 per cent, which may be considered satisfactory for the 
purpose. 

The general procedure was as follows: The tail of the rat was 
dipped into water at about 50°. A small section of the tail was 
cut off and a few drops of blood were squeezed out and drawn up 
in a thick walled capillary tube 20 mm. long with an inside di- 
ameter of 1.5mm. One end of the capillary tube was drawn out 
to a narrow tip and at the point a calibration mark of 15 c.mm. 
was made. Before these tubes were used, they were charged with 
the necessary amount of potassium oxalate to prevent coagulation 
of the 15 c.mm. of blood. The walls of the capillary tube were 
coated with the dry oxalate by drawing up the measured amount 
of K oxalate solution and carefully drying the tube. 

After the blood samples were taken, the ends of the tubes were 
closed with a rubber band and placed in a small Lundgren cen- 
trifuge (3000 R.P.m.) to sediment the blood cells. 3 ¢c.mm. of the 
supernatant plasma then were pipetted off with a capillary pipette 
(7) and measured into a micro test-tube (25 mm. long and 3 mm. 
inside diameter) which was previously charged with 21 c.mm. of 
distilled water. This dilution (1:7) was necessary because of 
the high enzyme concentration. 7 c.mm. of the diluted plasma 
were taken for one determination, corresponding to 0.87 c.mm. of 
undiluted plasma, and pipetted into a micro test-tube. To that 
either 7 c.mm. of veronal-HC! buffer at pH 9.0 (10) or 7 c.mm. of 
the same buffer containing 0.015 m MgCl, were added; this con- 
centration of Mg ions was found to be sufficient to produce the 
maximum activation. After the addition of 7 c.mm. of 0.1 mole 
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of sodium $-glycerophosphate the final Mg ion concentration was 
0.005 M. 

The mixing was carried out by the use of magnetic stirring (7). 
In the blank determination the substrate was placed as a drop on 
the wall of the micro test-tube and was incubated for the same 
length of time as the main determinations and mixed immediately 
before the reaction was stopped. Only one blank determination 
was made for the initial and full activity (with Mg), since it was 
found that the blanks were the same whether Mg was present or 
not. The open micro test-tubes prepared this way were placed 
in a copper micro test-tube holder and were incubated for 4 hours 
at 37° in chloroform and water vapor as described in our previous 
paper (5). After this incubation time the micro test-tubes were 
placed in ice water to stop the reaction. Then 10 e.mm. of 10 
per cent trichloroacetic acid were added and the precipitate cen- 
trifuged. 15 c.mm. of the supernatant fluid (corresponding to 
0.42 c.mm. of plasma) were pipetted off and transferred to a clean 
micro test-tube. The inorganic phosphate liberated during the 
incubation period was estimated colorimetrically according to 
the method of King (11). Into 15 e.mm. of protein-free fluid, 
7 c.mm. of 5 per cent ammonium molybdate containing 15 per 
cent by volume of H,SO, were pipetted. The aminonaphthol- 
sulfonic acid solution prepared as described by King (11) was 
diluted 1:3 and 5 c.mm. of this were placed as a drop on the wall 
of the micro test-tube. The standard tests were prepared the 
same way. 

Standard phosphate solutions with increasing phosphorus con- 
centrations were made in such a way that the phosphorus con- 
centration of 15 c.mm. of standard differed by 0.04 y of P; stand- 
ards with low phosphorus content differed from each other by only 
0.02 y of P. In order to have the same acidity as in the main 
determination the standard solutions contained 3.3 per cent of 
trichloroacetic acid. 

Micro test-tubes containing 15 c.mm. of standard solutions 
covering a concentration from 0.02 to 1.00 y of P were treated the 
same way as the main determinations. After the preparations 
were completed, both in the main and standard series, the 5 c.mm. 
of aminonaphtholsulfonic acid which was placed as a drop on the 
wall of the micro test-tube to prevent premature mixing were 
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shaken with the reaction mixture by a gentle swinging movement 
and the mixing was completed by magnetic stirring. In this way 
the color development started at the same time in all micro test- 
tubes; this factor is essential, as was emphasized by Walker (9). 
To compare the colors of the standards with the colors of the un- 
known solutions, the colored solutions were drawn up in standard 
capillary tubes with an inside diameter of 0.65 mm., an outside 
diameter of 0.8 mm., and a length of about 30mm. The capillary 
tubes used were mechanically drawn and calibrated for constancy 
of diameter. The method used for this purpose was as follows: 
A known amount of mercury was drawn into the capillary tube 
about 60 mm. long. By moving the mercury column at the 
various portions of the capillary tube its length was measured. 
Any variation in the length of the mercury column should indicate 
a variation in the diameter of the capillary tube. From the 
length and weight of the mercury column the diameter could 
readily be calculated. 

The maximum variation allowed was 2 per cent. To make the 
measurement of changes in the length of the mercury column 
more exact, the magnified image of the column was projected on 
graph paper and in this way the smallest changes in the length of 
the column due to irregularities in the diameter could be measured 
easily. 

After the colored solutions containing the unknown and the 
standard phosphate were drawn up in the capillaries, the ends of 
the tubes were sealed with Duco cement. The standard tubes 
were then placed on the translucent plate of a safelight such as is 
generally used in photography. For illumination a 15 watt lamp 
was used. A labeled ebonite plate with suitable holes was used 
to keep the standard tubes in order. The comparison of the 
colors of the unknown with the standard was carried out as de- 
scribed by Walker (9). The shades of colors always could be 
distinguished easily. Only a fraction of the reaction mixture 
(15 e.mm. of the phosphate-containing mixture + 7 c.mm. of 
molybdate + 5 c.mm. of reducing agent) was used for the actual 
color composition, although the values given in Tables I to V 
present the values for 27 c.mm. We also found it very helpful 
for the comparison of colors, as did Richards and coworkers (8), 
to cover the capillary tubes with a piece of white paper in which 
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a rectangular window had been cut, so that the visible columns 
were of the same length. 

Rats weighing about 200 gm. each were used. During fasting 
periods water was available at all times. Each substance tested 
was administered by stomach tube, unless otherwise specified, 
after 24 hours of fasting. 2 ce. of the compound in liquid form 


TABLE | 
Influence of Fasting on Plasma Phosphatase Activity, Expressed in y of 




















Phosphorus 
Activator Activator 
.| 
None Mg’ None | Mg’ 
me a 
Rat I Rat II 
Ars. - let aa ‘dai : 
Fasting 0 0.24 | 0.54 0.34 | 0.84 
| 4 0.24 0.52 0.32 0.80 
s 0.20 0.40 0.26 0.62 
6 | (0.12 0.28 0.14 | 0.36 
a4 | (0.12 0.26 | 0.16 0.32 
Feeding (Purina Dog 1.5 | 0.12 0.24 | 0.18 0.32 
Chow) 4 | 0.16 | 0.30 | 0.24 | 0.46 
; | 8 | 0.20 | 0.42 0.28 0.66 
| 16 | 0.24 | 0.48 0.32 | 0.72 
| 24 | 0.26 | 0.56 0.36 | 0.80 
} Rat IIT Rat IV 
| : a pile mt 
Prolonged fasting | 0 0.24 0.66 | 0.28 | 0.58 
| 16 0.08 0.20 0.14 | 0.36 
| 24 0.08 | 0.18 | 0.10 | 0.30 
| 40 0.08 | 0.16 0.10 | 0.24 
| 48 0.08 0.14 0.10 | 0.22 
| 64 | 0.10 0.18 0.10 0.24 
| 72 | 0.08 0.18 0.12 | 0.26 
| 84 0.10 0.24 | 0.14 | 0.28 
| 120 0.10 0.24 0.12 | 0.30 





were given and 1.5 gm. in solid form made up to 3 cc. in solution or 
suspension, depending on the solubility of the material in water. 
Plasma phosphatase activity was measured at intervals during 
fasting and also after feeding was resumed. 

Influence of Fasting on Plasma Phosphatase Activity—As fasting 
continued, the plasma enzyme activity fell markedly, reaching the 
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lowest level in about 16 hours (see Table 1). After feeding was 
started, the enzyme activity was gradually restored, reaching the 
original starting value in about the same length of time that had 
been necessary to reach the lowest point. The changes occurring 
in the plasma phosphatase activity with Mg” ions as activator 
parallel those occurring without Mg” ions. Since this parallelism 
was found in all subsequent experiments, it was deemed un- 
necessary to list the initial activity (without Mg”) in Tables 
II to V. 

The low phosphatase values obtained after | to 5 days of fasting 
did not change significantly when the fasting was extended, as is 
also indicated in Table 1. Whether this residual enzyme activity 
was of different origin from the one influenced by fasting has not 
yet been determined. The loss in the body weights during 5 days 
of fasting was about 24 per cent. 

Influence of Ingestion of Various Substances on Plasma Phos- 
phatase Activity—The plasma phosphatase activity of the rats is 
closely linked with the resorption or utilization of the food (Table 
I). In order to determine which part of the diet is responsible for 
the marked change in the plasma enzyme activity the Purina 
Dog Chow was pulverized and completely extracted with alcohol- 
ether (1:1) and the solvent was eliminated from both fractions 
in vacuo. The soluble fraction contained chiefly the fats, cho- 
lesterol, and phospholipids, while the insoluble fraction contained 
mainly the carbohydrates and proteins. Only the alcohol-ether- 
soluble fraction had the ability to restore the low plasma phos- 
phatase activity produced by 24 hours fasting, while the insoluble 
fraction was completely inactive in this respect, leaving the plasma 
phosphatase activity at the fasting level (see Table II). Whether 
this low enzyme value produced by fasting could also be achieved 
without fasting, simply by eliminating from the diet the alcohol- 
ether-soluble fraction which has the ability to restore it, was 
easily answered by changing the feeding of the rats from the 
original to the extracted food. 

The high plasma phosphatase values during the feeding of 
unextracted food were rapidly lowered by the feeding of extracted 
food (see Table II). The lowest value, which was reached in 
about 16 hours, resembles very much the effect reached by fasting. 
The low plasma phosphatase values of rats can be obtained there- 

















L. Weil and M. A. Russell 15 
fore not only by fasting but by the simple elimination from the 
food of the fraction which is responsible for the increase in the 
phosphatase activity. 

The results of these experiments indicate that the fraction re- 
sponsible for the increased plasma phosphatase activity is of 
lipid nature. In order to ascertain the activity of other consti- 
tuents of the food, carbohydrates and proteins, the following 
substances were tested: starch, glycogen, a-glucose, maltose, 


TaBLe II 


Influence of Ingestion of Alcohol-Ether-Soluble and Insoluble Fractions of 
Rat Food on Plasma Phosphatase Activity, Expressed in y of Phosphorus 


| Aleohol-ether-in- | 
































. . Extract f 
Purina Dog Chow = me, eed Purlea Dog Chow 
| Ratt | Rati | Rat Tr | “Rat IV Rat V | Rat VI 
ort ey ~ names ¥ ra Nae 
Fasting 0 | 0.72 | 0.92 | 0.96 | 0.70 | 0.84 | 0.84 
24 | 0.28 | 0.32 | 0.48 | 0.34 | 0.48 | 0.34 
Feeding | 1.5! 0.32 | 0.44 | 0.44 | 0.60 | 0.48 
i & 0.52 | 0.68 | 0.44 ta 0.68 | 0.56 
| 8 | 0.60 | 0.84 | 0.48 | 0.32 | 0.70 | 0.80 
| 24 0.76 | 0.98 | 0.44 | 0.28 | 0.96 | 0.90 
Rat VII | Rat VIII| Rat VII — 
Feeding (no | 8 0.70 0.90 
fasting 24 0.70 | 0.84 
period) 1.5 | | 0.68 | 0.72 
on | 0.48 | 0.60 
by Mid | 0.40 | 0.52 
| 24 | | 0.30 | 0.40 
| 32 | | 0.28 | 0.36 
galactose, xylose, casein, egg albumin, edestin, and gluten. None 


of these had the ability to restore the plasma enzyme activity after 


ingestion. 


Bodansky (1) reported an increased serum phosphatase activity 
after ingestion of carbohydrates by young dogs. 
old, fed with sucrose, we failed to observe any positive reaction. 

Since the ingestion of carbohydrates and proteins was shown to 
be entirely ineffective in restoring the plasma phosphatase ac- 


In rats 5 weeks 
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tivity, experiments were conducted to determine which part of 
the lipid fraction is responsible for this phenomenon. 

Glycerol, an essential part of fats and phospholipids, was found 
to be without any action. The same was true of 8-glycerophos- 
phate (neutralized) and also of cholesterol, indicating that the 
fatty acid part of the lipid molecule may be the decisive factor. 
The following saturated fatty acids and some of their derivatives 
were tested: propionic, butyric, tributyrin, 8-hydroxybutyric, 
valerianic, caproic, caprylic, pelargonic, capric, lauric, myristic, 
palmitic, methyl palmitate, ethyl palmitate, stearic, n-propyl 
stearate, and cerotic acids. Palmitic, stearic, and cerotie acids 
were also tested in combination with 0.3 gm. of sodium tauro- 
cholate as emulsifying agent. The acids from propionic to 
laurie were administered in neutralized form because of their 
acidity. None of the investigated saturated fatty acids had any 
influence on the plasma phosphatase activity. 

The investigation of Verkade et al. (12-14) and Flaschentrager 
et al. (15, 16) on the w oxidation of fatty acids called attention to 
the importance of the dicarboxylic acids. The ingestion of 
malonic, succinic, glutaric, adipic, suberic, and sebacic acids 
(in neutralized form), however, proved to be ineffective in re- 
storing the plasma enzyme activity. 

The importance of the unsaturated fatty acids in the general 
metabolism of the rat was emphasized by various workers (17-22). 
Among the unsaturated fatty acids tested, but not listed in Table 
III, crotonic, fumaric, itaconic, undecylenic (in neutralized form), 
and chaulmoogric acids were found to be inactive. Undecylenic 
acid (neutralized) alone was found to be toxic to the rats and there- 
fore a fat-free diet (see Table IV) containing 7 per cent of the 
neutralized acid was fed to the rats and found to be non-toxic. 

The results obtained with various other unsaturated fatty acids 
and their derivatives are presented in Table III. Elaidic acid, 
ricinoleic acid, and oleicamide were found to be only slightly 
active in restoring the plasma phosphatase activity. Elaidic 
acid which was prepared from oleic acid was recrystallized and the 
melting point of this compound indicated that the slight activity 
observed after ingestion was not due to traces of oleic acid. Oleic- 
amide was prepared according to the method of Bruson (23). 
Hexabromolinolenie acid and oleyl alcohol were found to have 


£ 
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no effect. The latter was prepared by reduction of butyl oleate 
(24). Only oleic, erucic, linoleic, and linolenic acids' proved to 
be strongly active in restoring the plasma phosphatase activity, 
a rather limited number but the number will probably increase 


TaB_e III 


Influence of Ingestion of Unsaturated Fatty Acids and Their Derivatives on 
Plasma Phosphatase . Activ rity, Expressed in y of Phosphorus 


| Fasting period | Feeding period 





| @hr. | 24 hrs. | 2 hrs. | 4 hrs. 8 hrs. | 24 hrs. 


Oleic acid 0.50 0.54 | 0.60 | 0. 84 
“+ sodium taurocholate.) 0.96 | 0.46 | 0.48 | 0. 50 | 0.60 | 0.88 
Oleicamide + sodium taurocho- | 
late 0.64 | 0.30 | 0.32 | 0.42 | 0.42 | 0.42 
Oleyl alcohol 0.78 | 0.22 | 0.16 | 0.14 | 0.10 | 0.06 
Elaidie acid 0.54 | 0.26 | 0.26 | 0.24 | 0.24 | 0.34 
- ‘* + sodium taurocho- 


© 
S|! 
rm) 
— 
r) 





late . 0.76 | 0.28 | 0.26 | 0.28 | 0.30 | 0.40 
Ricinoleic acid. 1.20 | 0.34 | 0.36 | 0.42 | 0.42 | 0.48 
Linoleic acid -.| 0.96 | 0.44 | 0.36 | 0.34 | 0.36 | 0.80 
Linolenie “ 0.78 | 0.30 | 0.32 | 0.36 | 0.42 | 0.70 

‘* + sodium taurocholate | 0.80 | 0.28 | 0.28 | 0.30 | 0.48 | 0.70 
Hexabromolinoleniec acid + so- 

dium taurocholate 1.06 | 0.40 | 0.40 | 0.30 0.28 | 0.36 
Erucie acid 0.72 0.28 | 0.34 | 0.36 | 0.46 | 0.98 
Olive oil... 0.80 | 0.36 | 0.38 | 0.42 | 0.56 | 0.90 
Lard 0.70 | 0.18 | 0.16 | 0.36 | 0.40 | 0.68 
Linseed oil 0.80 | 0.42 | 0.40 | 0.34 | 0.30 | 0.74 
Cod liver oil.. 0.72 | 0.28 | 0.38 | 0.54 | 0.56 | 0.68 
Chaulmoogra oil 0.70 | 0.24 | 0.24 | 0.32 | 0.34 | 0.40 
Lecithin 0.80 0.34 | 0.30 | 0.24 | 0.24 | 0.16 

EE ee of 0.86 | 0.96 | 0.32 | 0.2% | 0.24 | 0.18 
Cephalin 1.20 | 0.54 | 0.30 | 0.30 | 0.54 | 1.08 
” 0.32 | 


0.98 | 0.32 | 0.30 | 


| og 


2 | 0.50 0.78 


when we are able to test more of these acids. Lecithin and ceph- 
alin were prepared from calf brain according to a slight modifica- 
tion of the method of Levene and Rolf (25) by which the yield 
was increased considerably.2. Elementary analysis and melting 


1 Oleic, linoleic, and linolenic acids were identified by means of iodine 


number determination. 
? The details of this method will be published later. 
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point determinations were made for the characterizations of these 
phospholipids. Repeated experiments have shown that lecithin 
was ineffective but cephalin was very active (see Table ITI). 
With the exception of chaulmoogra oil, all of the oils tested were 
active in restoring the plasma phosphatase activity, as may be 
seen from Table III. The only slight activity of chaulmoogra 
oil is not surprising in view of the negative results obtained with 
chaulmoogric acid. No activation of the plasma phosphatase 


TaBLe IV 


Influence of Ingestion of Saturated and Unsaturated Triglycerides Added to 
Fat-Free Diet on Plasma Phosphatase Activity, Expressed 
in y of Phosphorus 


Supplementary diet* No. 


Diet omy 
I Il Ill IV 
days 

Purina Dog Chow 2 1.16 0.78 1.10 0.66 
4 0.98 0.86 1.00 0.60 
6 1.10 0.84 1.10 0.70 
Fat-free diet + 7 per cent satu- 2 0.48 0.20 0.24 0.30 
rated triglycerides 4 0.48 0.20 0.44 0.22 
6 0.52 0.18 0.36 0.20 
Fat-free diet + 7 per cent 3 0.84 0.54 0.78 0.60 
olive oil 4 0.84 0.74 0.82 0.58 

6 1.10 0.72 0.86 


*The 7 per cent saturated triglyceride of Diet I was trimyristin; of 
Diet II tripalmitin; of Diet III tristearin; of Diet IV tristearin + 7 per 
cent cholesterol. 


activity was observed when unsaturated oil emulsions were added 
directly to the plasma. 

Since in our experiments pure fats or fatty acids had been fed 
and ketonuria had resulted, it was desirable to determine whether 
a carbohydrate-abundant diet, which eliminates ketonuria, would 
influence the plasma phosphatase activity. A fat-free diet was 
made up of 240 parts of casein, 721 parts of sucrose, 39 parts of 
MeCollum-Davis salt mixture (26), and 6.5 parts of yeast extract. 
The casein and yeast preparation was extracted for 24 hours with 
alcohol-ether 1:1 before use. To the fat-free diet 7 per cent of 
trimyristin, 7 per cent of tripalmitin, or 7 per cent of tristearin 
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was added. The rats were fed 6 days on Purina Dog Chow, 
afterward 6 days on the fat-free diet plus 7 per cent of saturated 
triglycerides, and finally on the fat-free diet plus 7 per cent of 
olive oil as unsaturated triglycerides. The possible influence of 


: TABLE V 


Relation of Amount of Fat Present in Diet Ingested to Plasma Phosphatase 
Activity, Expressed in y of Phosphorus 








No. 
‘ moh RatI | RatII | RatIIT | RatIV 
days | 
Purina Dog Chow 2 0.70 066 | 0.78 | 0.80 
3 076 | 0.78 | 060 | 0.74 
4 068 070 | 070 0.74 
Diet without lard 1 | 034 | 0.26 | 0.24 | 0.40 
3 | 024 | 0.14 | 0.16 | 0.18 
4 0.22 | 0.10 | 0.14 | 0.18 
“ 40.5% 2 0.26 | 0.12 | 0.20 | 0.20 
3 | 022 | 0.12 | 0.16 | 0.22 
4 | 028 | 0.14 | 0.24 | 0.22 
“41.0% 2 | 0.34 | 018 | 0.24 | 0.36 
3 0.36 | 0.32 | 0.32 | 0.28 
4 0.38 | 0.34 | 0.32 | 0.30 
“42% * 1 | 046 | 036 | 0.34 | 0,32 
3 0.40 | 0.46 | 042 | 0.46 
4 0.48 | 0.50 | 044 | 0.42 
“43% * 1 | 054 | 0.48 | 0.52 | 0.50 
2 | 0.56 | 0.50 | 0.48 | 0.46 
4 | 048 | 048 | 0.48 | 0.46 
“45% 8 « 2 | 052 | 0.56 | 0.60 | 0.58 
3 056 066 | 062 | 0.64 
4 0.60 | 066 | 0.70 | 0.62 
“aR “ 1 0.68 | 0.78 | 0.70 | 0.78 
3 0.78 | 0.72 | 0.72 | 0.74 
“ 419% * 2 0.76 | 064 066 | 0.70 
3 0.68 | 068 | 0.72 | 0.74 
4 0.68 072 | 068 | 0.72 
100% lard 1 | 0.74 | 0.70 | 0.72 | 0.68 





cholesterol on the saturated triglycerides was also studied by 
mixing the fat-free diet with 7 per cent of tristearin and 7 per cent 
of cholestrol; the results are presented in Table IV. The in- 
gestion of the diet containing the saturated triglycerides greatly 
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lowered the plasma phosphatase activity which was quickly re- 
stored when olive oil was added to the fat-free diet, an effect 
similar to that obtained when saturated or unsaturated fatty 
acids were fed alone. The presence of cholesterol in combination 
with tristearin in the fat-free diet did not influence the enzyme 
activity (Table IV). ; 

To investigate the relation between the amount of fat in the diet 
and the phosphatase activity of the plasma the fat-free diet, with 
increasing amounts of lard, was fed. To obtain uniform distribu- 
tion the lard was dissolved in ether, mixed with the diet, and 
dried. Lard was used to prevent any deficiency disease produced 
by the absence of certain unsaturated fatty acids (17, 20, 21) 
which are present in the lard. The results obtained are given in 
Table V. The plasma phosphatase activity dropped markedly 
when the diet was changed from Purina Dog Chow to the fat-free 
diet. An increase in lard content of the diet produced a gradual 
increase in the plasma phosphatase activity. The original high 
enzyme level was reached when the lard content of the diet was 
about 8 per cent. If we take into consideration that only about 
65 per cent of the fatty acids present in the lard is unsaturated, 
the 8 per cent of lard is equal to 5 per cent of unsaturated fat. 
A further increase in the lard concentration did not increase the 
plasma phosphatase activity even if 100 per cent of lard was fed. 


DISCUSSION 


The presence of phosphatase in the plasma of albino rats was 
shown by these investigations to be due to the ingestion of a cer- 
tain part of the lipid fraction of the food. The ingestion of car- 
bohydrates or of proteins did not result in an increased plasma 
phosphatase activity. An increase in the activity of the plasma 
enzyme occurred only when unsaturated fats or fatty acids were 
added to the diet. The saturated fatty acids and also the satur- 
ated dicarboxylic acids proved to be entirely ineffective. The 
experiments carried out with palmitic, stearic, and cerotic acids 
in combination with sodium taurocholate, however, indicated that 
when the resorption was increased by emulsification the enzymatic 
picture was not changed and the observed low phosphatase values 
were not due to the inability of the intestinal mucosa to resorb 
these acids. 
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The ineffectiveness of chaulmoogric acid and the slight activity 
of ricinoleic acid are possibly due to their diarrheal action, and 
also possibly to the position of the double bond of the former acid. 
When the action of linolenic acid is compared with hexabromo- 
linolenic acid, the importance of the double bond becomes appar- 
ent. The degree of unsaturation seems to be of no decisive im- 
portance, since oleic, linoleic, and linolenic acids were all active. 
From the results shown in Table III it becomes apparent that in 
order to mobilize plasma phosphatase a certain molecular mag- 
nitude of the unsaturated acids is required. The unsaturated 
acids with the carbon chain of C3, Cy, Cs, and Cy were inactive. 
The next available acid, oleic acid with the carbon chain of Cys, 
was active. To determine the exact length of the carbon chain 
of the unsaturated fatty acid at which point activity begins re- 
quires further investigations. It is of interest to compare the 
action of oleic acid with elaidic acid; the latter one is a geometric 
isomer of the former one. The higher melting point of 44-45° 
is not sufficient to explain its slight activity compared with the 
marked activity of oleic acid, since emulsification with sodium 
taurocholate did not improve this ratio. It seems possible that 
a certain natural configuration is necessary to produce this re- 
action. The negative results obtained after ingestion of oleyl 
alcohol and the only slight effectiveness of oleicamide clearly 
demonstrated the necessity of the free carboxyl group. The 
slight activity of oleicamide may be due to a slow decomposition 
of this compound in the body. The high effectiveness of cephalin 
and the inactivity of lecithin are rather surprising, since both 
contain unsaturated fatty acids. Factors responsible for this 
phenomenon, however, require further investigation. 

The mechanism of fat resorption has been extensively studied 
(27-30) and strong evidence presented that the absorbed fatty 
acids are transformed into phospholipids within the intestinal 
mucosa as an essential step in the resynthesis of neutral fats. 
The phospholipids formed in this way are transported by the 
plasma (31-33) to the various organs where they may be de- 
posited or transformed to neutral fats to be decomposed according 
to the need of the body. It is probable that the increased plasma 
phosphatase activity following the ingestion of unsaturated fatty 
acids may be linked with the process of transformation of phos- 
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pholipids to neutral fats. The fact, however, that the ingestion 
of only certain unsaturated fatty acids is connected with an 
increased plasma phosphatase activity suggests the possibility 
that a difference may exist between the metabolism of saturated 
and of unsaturated fatty acids. 


SUMMARY 


A colorimetric micromethod was developed for the estimation of 
plasma phosphatase activity in less than 1 ¢.mm. of plasma. The 
plasma phosphatase activity of albino rats was found to be greatly 
reduced by fasting. Only the ingestion of the alcohol-ether- 
soluble fraction of the rat diet increased the plasma phosphatase 
level. The ingestion of carbohydrates and proteins did not 
increase the low plasma phosphatase activity produced by fasting. 
Ingestion of saturated fatty acids and saturated dicarboxylic 
acids gave the same results as ingestion of carbohydrates or pro- 
teins. An increase in the low plasma phosphatase activity pro- 
duced by fasting resulted only from the ingestion of certain types 
of unsaturated fatty acids, wherein a certain molecular magnitude, 
the double bond in the carbon chain, and the free carboxyl group 
are essential. The enzyme reaction following the ingestion of 
various fatty acids was not influenced by the presence of carbo- 
hydrates or proteins. Cephalin ingested after fasting produced 
a marked increase in the plasma phosphatase activity, while 
under the same conditions lecithin was found to be entirely with- 
out action. For obtaining the highest plasma phosphatase ac- 
tivity about 8 per cent of lard was required in the diet. A further 
increase in the lard concentration did not increase the enzyme 
activity. 
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Colorimetric methods for the determination of acetone based 
on the reaction of acetone with salicylaldehyde in alkaline solution 
hold an intermediate position, with respect to specificity and 
sensitivity, between gravimetric and iodometric methods (1). 
In these respects they appear to have no advantage over recently 
published methods (2, 3) which combine the specificity of mercury 
precipitation with a high degree of sensitivity... However, because 
of their greater rapidity and simplicity of technique salicylalde- 
hyde methods may frequently be preferred. 

In previous salicylaldehyde methods use has been made of a 
boiling water bath (4, 5), or of a bath at 45-50° (6, 7), to hasten 
color development. The former procedure has been criticized 
(7) because of the loss of small amounts of acetone at this high 
temperature, while the latter procedure is slower and less con- 
venient. In the present paper a modification is proposed which 
reduces the time necessary for the development of color without 
the application of heat. The speed with which the salicylic 
aldehyde reaction takes place depends upon the concentration of 
reacting substances as well as upon temperature. If the concen- 
tration of reagents exceeds a certain point, a precipitate is formed 
which has hitherto been a limiting factor. In the present method 
the concentration of the reacting mixture is increased and the 
precipitate which forms is dissolved after the reaction is complete. 

Preliminary Procedures—The colorimetric determination of 
acetone, preformed or from the other acetone bodies, is made on a 
distillate from blood filtrate or urine. Except in the determination 
of urinary acetone and diacetic acid the sensitivity of the method 
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is limited by the procedures involved in the preparation of these 
distillates. These procedures, as slightly modified from those 
previously used (4, 5), are briefly as follows: 

An all-glass distilling apparatus is recommended, especially for 
the determination of 8-hydroxybutyric acid.' This is not essential 
and well fitting corks, but no rubber, may be used for connections. 
The apparatus consists of a 200 to 300 ec. distilling flask with 
dropping funnel, a 200 mm. water-cooled condenser and delivery 
tube, and a receiving tube or flask for which it is convenient to 
use a 15 ce. graduated centrifuge tube for acetone and diacetic 
acid and a 200 ec. round bottomed flask for 8-hydroxybutyric 
acid. The enlarged part of the delivery tube should rest in the 
top of the receiver, forming a cover for it, and the lower end is 
drawn out to a fine tip which reaches to the bottom of the receiver, 
where it is covered by a minimum amount of water. Glass beads 
in the distilling flask and a microburner, with no sand bath, are 
used. Glass joints are lubricated with water. Heat is applied 
slowly at the beginning of distillation to prevent violent bubbling 
in the receiving tube. 

For the determination of acetone and diacetic acid a volume of 
blood filtrate or urine (15 to 30 cc.) is acidified with sulfuric acid 
and distilled to a volume of distillate equal to one-third, or more, 
of the original volume. 

For the determination of 8-hydroxybutyric acid in urine inter- 
fering substances are removed by the Van Slyke copper sulfate- 
calcium hydroxide procedure (8). All volumes may be reduced 
proportionally if advisable. If the urine is dilute, its volume 
may be increased in relation to the volume of the final mixture, 
twice the amount of copper sulfate (in 40 per cent solution) and 
calcium hydroxide being used. After standing for 30 to 45 minutes 
the mixture is filtered, or centrifuged and filtered. An aliquot of 
the filtrate is transferred to the distilling flask and acidified with 
sulfuric acid. Water is added, if necessary, to make the volume 
not less than 30 cc. The dropping funnel is inserted and one- 
third, or more, of the volume is distilled to remove acetone and 
diacetic acid, leaving a volume of 20 to 60 cc. (approximately) 
in the distilling flask. Since some acetone is lost during the 
copper-calcium treatment, a separate distillation should be made 


1 An apparatus of this sort, with interchangeable ground glass joints, 
has been made for the writer by Eck and Krebs, New York. 
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from untreated urine to determine acetone and diacetic acid. It 
has been found possible to reduce the time for oxidation and 
distillation of 8-hydroxybutyric acid to half that prescribed by the 
Hubbard method? (9). This alteration reduces the volume of 
distillate and consequently increases the sensitivity of the method. 
The solution is brought to a boil and 15 ec. of sulfuric acid (con- 
centrated, diluted 1:1) and 10 ce. of 0.2 per cent potassium di- 
chromate are added by drops during the first 5 minutes of distilla- 
tion, followed by 25 cc. of the dichromate during each of the follow- 
ing 5 minute periods. The rate of distillation is regulated so that 
from about 50 to 85 ce. are distilled at the end of 15 minutes. 

8-Hydroxybutyric acid in blood filtrate is determined in the same 
way except that the copper-calcium treatment and separate dis- 
tillation of acetone and diacetic acid are unnecessary. 


Colorimetric Determination 

Reagents—Salicylaldehyde. Eimer and Amend, acid salicylous, 
synthetic; c.P. 

Potassium hydroxide, c.p. A saturated, aqueous solution, 
specific gravity 1.540. 

Standard acetone solutions. As previously described (4). 
For accuracy the stock solution should be standardized by iodine 
titration. For less accurate work it can be assumed that 5 cc. 
of freshly opened or well preserved c.p. acetone diluted to 500 
ec. give a 0.78 to 0.79 per cent solution. Artificial standards are 
described in Table I. 

Ethyl alcohol. (For Procedure B only.) Aqueous 70 to 75 
per cent solution. 

Procedure—Exactly 0.1 cc. of salicylaldehyde is measured into 
a tube graduated to 5 and 10 cc.* with a 0.1 cc. pipette* or a 


2 The dichromate-sulfuric acid proctdure, as applied in our methods, is 
not entirely satisfactory for the determination of small amounts of 8- 
hydroxybutyric acid. More sensitive methods for this oxidation are at 
present being investigated. 

? Tubes made by the Klett Manufacturing Company, Inc., New York, 
for use in the Klett-Summerson photoelectric colorimeter, graduated to 
5 and 10 ce., are particularly convenient. Tubes graduated to 10 ce., of 
uniform bore, made by the Fales Chemical Company, Cornwall Landing, 
New York, for use in the Kingsbury-Clark albumin determination, are also 
convenient. 

‘ A short, 0.1 cc. pipette made by Eimer and Amend for the Folin micro 
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1 ec. pipette graduated to tenths (slightly less accurate), followed 
by 2 cc. of the distillate or acetone standard and 1.5 ce. of the 
potassium hydroxide’ from a burette with a fine glass tip. The 
contents of the tube are mixed by several churning motions with a 
glass rod flattened at one end at right angles to the rod to form a 
foot of a size to fit easily into the tubes used. The rod is left in 
the tube which is allowed to stand at room temperature for 20 
minutes or longer. After this the precipitate is dissolved by 
adding either (Procedure A) distilled water to 10 cc. (or more, 
see below), or (Procedure B) the aqueous alcohol to 5 or to 10 ce. 
(see below). Solution and mixture are accomplished by churning 
up and down briskly with the rod. Choice between Procedures 
A and B depends largely upon the acetone concentration, since 
Procedure B gives more, and Procedure A less, color. The use 
of both solvents widens the range of acetone concentrations which 
can be determined, but for certain types of work it may be satis- 
factory to use either one or the other exclusively. The range of 
concentration for which each solvent is practical is discussed in 
the following paragraph. During the period of color development 
it is possible to estimate roughly how much acetone is present and 
therefore which solvent is preferable. Since the two ranges over- 
lap, the choice is significant only for very low and very high con- 
centrations. The reading may be made in either a visual or a 
photoelectric colorimeter.6 With the former, acetone standards 
(or artificial standards), as described below, are used and the calcu- 
lation is made as usual. Micro plungers and cups are convenient 
for use with Procedure B. With a photoelectric colorimeter a 
curve for comparison may be constructed from standardized 
acetone solutions. For approximate results a side-to-side com- 
parison may be made in test-tubes of uniform bore, with the 
artificial standards described below. After Procedure A the color 


blood sugar method has been found particularly convenient for these 
measurements. 

5 Potassium instead of sodium hydroxide is used in the present method 
because its greater solubility makes it possible to obtain a higher concen- 
tration of alkali during the reaction. Aside from this it appears to have no 
specific advantage over sodium hydroxide. 

* The Klett-Summerson photoelectric colorimeter has been found satis- 
factory for this determination which can be carried out entirely in the 
standard tubes made for this instrument. 
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fades, and after Procedure B there is a slight and gradual increase 
in color. For this reason, if acetone standards are used, they 
should be diluted at the same time as the unknowns. If artificial 
standards or a photoelectric colorimeter is used readings should 
be made within 15 minutes after dilution by Procedure A and 
within 30 minutes after dilution by Procedure B. 

Range of Concentration and Proportionality—Solutions which 
contain from about 0.5 to 20 mg. per cent of acetone’ can be read 
in a visual colorimeter after addition of water to 10 ec. (Procedure 
A). With this instrument and procedure an exact indirect pro- 
portionality exists between acetone concentration and scale read- 
ing for all concentrations above 1 mg. per cent. Below this the 
readings are exact for concentrations between 0.5 and 0.75 and 
between 0.75 and 1.0 mg. per cent. Concentrations too dark to 
be read can be further diluted with water, after the reaction has 
taken place, so that the color falls within the reading range. The 
reagents used in the method are sufficient to react with 2 cc. of a 
200 mg. per cent acetone solution, and dilution can be made to as 
much as 200 cc. without disturbing the proportionality of the read- 
ing against standards diluted to only 10 cc., provided the color 
determined is not less than that given by a 2 mg. per cent solution. 
With Procedure B concentrations of from about 0.05 to 5 mg. per 
cent of acetone can be read in a visual colorimeter if the volume 
is made to 5 ce. and a little over twice these amounts if the volume 
is made to 10 cc. Readings are correctly proportional to con- 
centration if the latter is above about 0.25 mg. per cent. Below 
this concentration the range of proportionality is limited. Con- 
centrations of over 0.25 mg. per cent, made to 10 cc., can be read 
against those made to 5cc. With a photoelectric colorimeter the 
reading range depends upon the type of instrument and filter used. 
With a Klett-Summerson colorimeter and green filter (No. 54) the 
range of acetone solutions which can be read is from about 0.02 to 
8 mg. per cent after water dilution to 10 cc. and from about 0.01 
to 1.5 mg. per cent after alcohol dilution to 5 cc. The curve ob- 
tained by plotting acetone concentration against the logarithmic 
scale readings of this instrument deviates from a straight line 


7 The figures given in connection with concentration refer to the mg. of 
acetone in 100 cc. of the solution or distillate, 2 cc. of which are used in the 
determination. The amount of acetone present during the determination 
is, in each case, one-fiftieth of this figure. 
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after Procedure A, the increase in readings becoming smaller with 
increasing concentration. Practically a straight line curve is 
obtained after Procedure B (solution made to 5 ec.) between 0.1 
and 1.5 mg. per cent concentrations. A more satisfactory filter 
might be found for this determination. The blue and red filters 
which have been tried were not found suitable. 

Choice of Acetone Standards—If acetone standards are used, 
there is considerable latitude in the choice of those to be made 
with each set of determinations, because of the proportionality 
which exists between concentration and depth of color, and be- 
cause of the possibility of additional dilution of either standard 
or unknown after the reaction has taken place. If both Pro- 
cedures A and B are used, the following scheme is suggested. 
0.1, 1.0, and 5.0 mg. per cent acetone solutions are made up from 
the stock solution, and five standard tubes are prepared from them. 
1 ce. of the 0.1 mg. per cent solution and 1 ce. of distilled water 
are put into Tube 1, 2 ec. of the same solution into Tube 2, 2 ce. 
of the 1.0 mg. per cent solution into each of Tubes 3 and 4, and 
2 cc. of the 5 mg. per cent solution into Tube 5. The tubes are 
treated according to the directions given above for the method. 
After the reaction has taken place, Tubes 1 and 2 are made to 
5 ec., and Tube 3 to 10 cc., with the alcohol solution; Tubes 4 
and 5 are made to 10 cc. with distilled water. The alcohol 
standards are equivalent to 0.05, 0.1, and 0.5, and the water 
standards to 1.0 and 5.0 mg. per cent solutions.’ Unknowns of 
from 0.05 to 200 mg. per cent can be read against these standards. 
Unknowns obviously below 1.0 mg. per cent are made to 5 ce. 
with alcohol and those obviously above, to 10 ec. with water. 
For doubtful ones, either solvent is used. Each is read against 
the nearest standard dissolved by the same solvent. Unknowns 
of concentrations over 1.0 mg. per cent dissolved with alcohol 
and those of over 10 mg. per cent dissolved with water can be 
further diluted with the same solvent to come within the range of 
the 0.5 and of the 5.0 mg. per cent standards. By this scheme 
the scale readings are correctly proportional to the concentration 
for all unknowns above 0.25 mg. per cent diluted with alcohol, 
and above 0.75 mg. per cent diluted with water. Below these 
amounts there may be an error of from 5 to 10 per cent of the 
concentration. 
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Artificial color standards have been made for use after 
Procedure A. The value of such standards is limited by possible 
variations in the chromogenic capacity of different samples of 
salicylaldehyde, as previously discussed (10). However, in the 
past 9 years the writer has obtained over a dozen different samples 
of the Eimer and Amend product at different times, all of which 
gave the same color in this reaction, so that the use of artificial 
standards appears justified as long as this product is available. 
For much experimental, as well as routine, work, when great 
accuracy is not demanded, these standards are useful and time- 


TABLE I 
Directions for Making Artificial Standards for Use after Procedure A 
Only c.P. products should be used. The amounts specified are made to 
100 ec. with distilled water. All standards except the last two may be 
prepared from 10 per cent solutions of the dichromate and cobalt chloride. 


Acetone equivalent Potassium dichromate Cobalt chloride 
mg. per cent gm. gm. 
0.5 0.065 0.64 
1.0 0.095 1.40 
2.0 0.60 1.80 
3.0 1.80 1.70 
4.0 3.30 1.60 
5.0 5.00 | 1.50 
7.5 13.30 0.80 
10.0 13.50 0.30 + 8 ec. concentrated 


sulfuric acid 





saving. The standards described in Table I were made to match 
acetone solutions, standardized by iodine titration and treated 
according to this method. They can be used for side-to-side 
comparisons, by transmitted light, in test-tubes of a uniform bore 
of approximately 13 mm., or for comparison in a visual color- 
imeter, with the standard set at 13 mm. They were made to 
match acetone solutions at this depth because this is the approxi- 
mate diameter of both the Fales and Klett, uniform bore tubes 
which have been used in the side-to-side comparison. In a visual 
colorimeter the proportionality with these standards does not 
cover as wide a range as with acetone solutions. They have no 
value in a photoelectric colorimeter. 
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DISCUSSION 


The Behre and Benedict (4) and the Behre (5) methods are 
subject to the criticism of Ravin (7) that traces of acetone are 
lost when a boiling water bath is used for the development of 
color, as evidenced by the qualitative test (11). Ravin also 
pointed out that the addition of salicylaldehyde by drops is sub- 
ject to inaccuracy. The present method, to which these objec- 
tions are not applicable, is felt to be preferable to either of the 
earlier ones, but it might be stated that in the Behre and Benedict 
method these inaccuracies can be greatly reduced by careful and 
uniform technique’ and that in the Behre clinical method they are 
insignificant because of the purpose of the test and the type of 
colorimetric comparison used. 

At least two reactions appear to be involved in the formation 
of maximum color with salicylaldehyde; one, which gives most of 
the color, is hastened by warming, while the other, which gives 
an additional fraction of color, is inhibited as the temperature is 
raised. This secondary color appears when solutions are allowed 
to cool after warming and almost entirely disappears if they are 
rewarmed. “Blank” color from the reagents alone increases on 
cooling but does not account for the total increase. The full 
color from both reactions is developed slowly at room temperature, 
or if the solutions are chilled to 10° and then allowed to stand at 
room temperature. The secondary color which develops on cool- 
ing was discussed by Ravin (7) in whose method a 30 minute 
cooling period is used to develop maximum color. Korenman’s 
method (6) is similar in this respect. Behre and Benedict recog- 
nized this increase in color on cooling, but sacrificed maximum 
color to speed. In the present method the temperature in the 
tubes is raised to about 37—40° by the addition of the concentrated 
alkali, and drops almost to room temperature during the 20 minute 
standing period. The spontaneous warming and cooling favor 
the development of maximum color. 


* If all tubes in a series are treated exactly alike in this method, and if 
standard and unknown are of nearly the same concentration, the error due to 
loss of acetone is very slight, and, if the same number of drops of salicyl- 
aldehyde is added to each of a series of tubes in succession, from a long 
pipette held in a semihorizontal position, uniform results can be obtained 
in any one series. 
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The specificity of the salicylaldehyde reaction for acetone has 
been studied by Braunstein (12) and Thomson (13). The latter 
author found the reaction more sensitive for acetone than for any 
of the other substances studied which gave a positive reaction. 
These included acetaldehyde, pyruvic acid, propionic acid, ethyl 
acetoacetate, and a number of other compounds. It is found that 
with the method described in this paper acetaldehyde, pyruvic 
acid, and lactic acid, in amounts occurring in biological fluids, 
do not interfere. A 25 mg. per cent solution of acetaldehyde gives 
approximately the same amount of color as a 0.2 mg. per cent 
acetone solution, while a 500 mg. per cent acetaldehyde solution 
corresponds to about 25 mg. per cent of acetone. The acetal- 
dehyde color is yellower, less red, than the acetone color, which 
makes exact comparisons difficult. Pyruvie acid reacts to give 
about one-fiftieth as much color as acetone (the color is also yel- 
lower), but distillates from acetone and pyruvic acid show no ef- 
fects from the latter. The same is true of lactic acid, which does not 
itself react. However, if 25 mg. of pyruvic acid are oxidized and 
distilled by the 8-hydroxybutyric acid procedure, the distillate gives 
a color with salicylaldehyde equivalent to that of about 0.4 mg. 
per cent of acetone. The distillate from a large excess of lactic 
acid (600 mg.) treated in the same way gives a yellower color with 
salicylaldehyde than does a blank. The study of possible inter- 
ference from other biological substances is being continued. 


The writer wishes to acknowledge with gratitude the assistance 
of Professor Chester J. Farmer and Dr. Smith Freeman of North- 
western University Medical School, and of Dr. William Muhlberg 
and Mr. George O’Connor of the Union Central Life Insurance 
Company. 

SUMMARY 


A modified salicylaldehyde method for the determination of 
acetone in distillates from urine or blood filtrate is described. 
The reaction takes place in a concentrated mixture of the reacting 
substances without application of heat and is complete in 20 
minutes. The precipitate which forms is dissolved either in water 
oralcohol. The range and sensitivity of the method are somewhat 
increased over that of previous salicylaldehyde methods. Either 
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a visual or photoelectric colorimeter can be used. An almost 
exact proportionality exists between acetone concentration and 
scale reading in a visual colorimeter. Artificial color standards 
for visual colorimetry are also described. Procedures for the 
oxidation of 8-hydroxybutyric acid and the distillation of acetone 
have been slightly modified. The specificity of the reaction is 
briefly discussed. 
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The two biologically essential alkali cations, sodium and po- 
tassium, follow very different paths of metabolism in the animal 
organism. Presumably, this is a consequence of the fact that, in 
general, potassium is an intracellular constituent and sodium dn 
extracellular constituent of the animal organism. The two cations 
are of major importance in determining the partition of the body 
water (1). 

A tracer study of the metabolism of potassium previously has 
been reported from this laboratory (2). The present paper de- 
scribes the results of a tracer study of the absorption from the 
gastrointestinal tract, the rate of excretion via the urine, and the 
distribution in certain viscera of the body of sodium administered 
as sodium chloride to normal and mildly sodium-deprived rats. 


EXPERIMENTAL 


The radioactive sodium isotope, Na*, with a half life of 14.8 
hours (3), was prepared by the bombardment of sodium metal 
in the cyclotron. After bombardment the metal was washed off 
the target holder with 50 per cent alcohol in an atmosphere of COs. 
The washings were acidified with hydrochloric acid to insure com- 


* Aided by grants from the John and Mary R. Markle Foundation and 
the Christine Breon Fund for Medical Research. Technical assistance 
was furnished by the personnel of the Works Progress Administration, 
Official Project 65-1-08-62. 
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plete solution and to convert the sodium to the chloride and then 
evaporated to dryness to drive off the excess hydrogen chloride. 
The sodium chloride was dissolved in a small amount of water and 
the neutral solution was treated with H.S to precipitate traces 
of heavy metals that are always present and that are also radio- 
active. The solution was filtered through a Jena sintered glass 
filter and the filtrate aerated to remove any trace of H.S. The 
salt then was diluted to 1 per cent with respect to sodium chloride 
and used in this concentration. 

The rats used in these experiments were 12 to 14 weeks old. 
They had been placed on synthetic diets at 4 weeks of age, when 


TABLE I 

Composition of Basal Diet and Salt Mixtures 
Thiamine chloride 5.0 mg., synthetic riboflavin 4.0 mg., nicotinic acid 
50.0 mg. Per Alle «— 4 et 

















Salt mixture 
Basal diet _ eae _ 
Salt Control | Na-low 
. gm | gm gm. 
Casein (acid-washed) 25 Ca;(PO,)> 1.5 1.5 
Fat (Crisco) | 23 NaCl 0.75 
Sucrose 50 KCl 1.25 | 2.0 
Cod liver oil 2.5 MgS0,-7H,0 1.0 1.0 
Rice bran extract 3.0 Fe(NH,)2(SO,)2- ‘6H:0 0.3 | 0.3 
Balt mixture 4.8 Total 8 4.8 








they weighed 50 to 60 gm. The tests were carried out on two 
groups of twelve rats each. 

The composition of the basal diet used and of the control and 
low sodium salt mixtures is shown in Table I. The sodium con- 
tent of the deficient diet was 60 mg. and of the control diet 350 
mg. per 100 gm. of food. The sodium-low diet employed in these 
experiments was only on the border line of deficiency, and it was 
not expected to produce drastic deficiency symptoms such as were 
observed by Orent-Keiles and McCollum (4, 5), on a diet of 
0.002 per cent of sodium. Osborne and Mendel (6) obtained 
normal growth in rats on a diet of 0.035 per cent sodium. While 
the sodium-low animals in the present experiments averaged about 
10 per cent less in weight than the controls, the difference was 
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not statistically significant. On a diet of the same sodium content 
as ours, Anderson and Joseph (7) obtained animals that were 
inferior in growth and in general appearance to the control 
rats after 5 to 6 months on the diet. 

At the time of the experiments, the rats weighed between 140 
and 220 gm. The average weight of the control animals was 183 
gm. and that of the sodium-low was 168 gm. All animals were 
fasted for 24 hours before the administration of the radioactive 
sodium chloride solution. Following administration of the Na*Cl, 
the rats were placed in wire-bottomed metabolism cages equipped 
with feces-urine separators (8) in order to collect the excreta 
separately. 

Except where otherwise noted, 1 ml. of the 1 per cent Na*Cl 
solution was administered to each rat by stomach tube. At 
about the end of the desired time interval for a particular experi- 
ment, the rat was anesthetized with ether and sacrificed by with- 
drawing blood as completely as possible by cardiac puncture. 
The blood was collected over oxalate and centrifuged at once to 
obtain the plasma. The various organs were removed and trans- 
ferred to stoppered test-tubes for weighing. 

For time intervals up to about 2 hours, the stomach was opened 
and the contents washed out with a stream of distilled water. 
The contents of the small intestine were washed out by inserting 
a syringe at the upper end and forcing out the contents with a 
stream of water. The tissues were weighed into 10 ml. Coors 
ashing capsules, dried, and ashed in an electric muffle at 450-500°. 
The ash was dissolved in a minimum of dilute hydrochloric acid 
and evaporated to dryness in the capsule. Precautions were 
taken to distribute the chlorides formed as uniformly as possible 
over the bottom of the capsule. 

To determine the radioactivity of the blood plasma, a measured 
portion was dried in a capsule and read without ashing. Because 
of the strong y rays emitted by Na™, ashing had no measurable 
effect on the activity. 

All radioactivity measurements were made by means of a 
Lauritsen electroscope and the rate of discharge was compared 
with that of a standard consisting of 0.002 to 0.01 ml. of the 
original Na*C]l solution dried in another ashing capsule. 

A reading was made on the standard at approximately hourly 
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intervals while observations were being made on the test samples. 
The electroscope discharge rates found for the standard, after the 
background rate was subtracted, were plotted against a linear time 
scale on semilogarithmic paper. This yields a straight line from 
which it is easy to determine the half life of the sodium and the 
value for the radioactivity of the standard at any instant. Di- 
viding the electroscope discharge rate obtained for a test sample 
by the rate of the standard obtained graphically and multiplying 
by the appropriate dilution factor give the per cent of the tagged 
dose administered that is present in the particular tissues repre- 
sented by the sample. 

This method of calculation is much simpler than a common one 
of correcting all observations back to some zero time, and is easier 
than an arithmetical calculation of the rate of the standard at 
times between observed values. The observed half life also 
furnishes a check on the purity of the sodium sample and is a 
proof of its identity. 


Results 


Absorption—The rate of absorption may be judged from the 
curves of the percentage of labeled sodium remaining in the fluid 
contents and tissues of the stomach and small intestine. These 
are plotted in Fig. 1. The rate of removal of the sodium from 
the gastrointestinal tract, as was found with potassium, is subject 
to great individual variations, particularly in the early time 
periods. 

The absorption of the sodium appears to be considerably faster 
than was found for potassium. Only about 25 per cent of the 
sodium was present in the contents and tissues of the stomach and 
small intestine after about 10 minutes as against an average of 
about 75 per cent for potassium (2). About 95 per cent of the 
labeled sodium disappeared from the gastrointestinal tract within 
an hour. These observations are in harmony with those of 
Hamilton (9), who measured the absorption of the biologically 
important univalent cations and anions in man with radioactive 
isotopes by determining the increase in the radioactivity of 
the hand. 

Mild sodium deprivation has no significant effect on the rate of 
its absorption from the gastrointestinal tract. 
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No sodium accumulated in the liver during the period of ab- 
sorption, such as was found in the case of potassium. 

Excretion—The curves for urinary excretion of the labeled 
sodium are shown in Fig. 2. With doses between 0.5 and 20 mg. 
of administered Na*Cl given by stomach tube in 5 ml. of water, 
the rate of excretion was independent of the size of the dose 
(Curves 1 and 3). A much larger fraction of the administered 
sodium was excreted when 100 mg. of Na*Cl in 5 ml. of water 
were administered (Curves 2 and 4). The sodium-deprived rats 
excreted less of the equivalent doses than did the normals. This 
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Fic. 1. Residual radioactive sodium in the gastrointestinal tract after 
oral administration of labeled sodium chloride (1 ml. of 1 per cent solution). 


is contrary to the observation of Anderson and Joseph (7), who 
found an even greater excretion of sodium by the sodium-low 
animals. The divergent results may be due to the difference in 
the animals, and the experimental procedures. Anderson and 
Joseph’s rats were maintained for 5 to 6 months on the experi- 
mental diets as against 2 to 2.56 months for our experimental 
animals, and a saline-glucose solution was administered to their 
test animals on the day prior to the experiment. 

Whereas the urinary excretion of labeled potassium was found 
to follow a nearly linear course for a period of about 3 days after 
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administration, the excretion of the sodium follows an exponential 
curve. 

Distribution-—-The changes in the specific content of radioactive 
sodium of representative body tissues with time are shown in 
Fig. 3. The average values and standard deviations of the specific 
contents of all the tissues that were studied are given in Table II. 

The uptake of sodium by the tissues and body fluids is ex- 
tremely rapid. In most cases the maximum accumulation was 
reached within the first sampling period (12 minutes). This 
rapidity of uptake has also been observed by Griffiths and Mae- 
graith (10). In nearly all cases the specific accumulation remained 
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Fic. 2. Urinary excretion of radioactive sodium. Curves | and 3 repre- 
sent doses of between 0.5 and 20 mg. of Na*Cl in 5 ml. of water, and Curves 
2 and 4 represent doses of 100 mg. of Na*Cl in 5 ml. of water. The circles 
represent rats on control diet; the squares, rats on the sodium-low diet. 


at a nearly constant level for the total period of observation (1100 
minutes). The significance of the rapid distribution of the labeled 
sodium to the phase make-up of the tissues of the body will be 
brought out in the next section. 

The highest concentration of labeled sodium, as would be ex- 
pected, was found in the blood plasma. Fig. 3 shows that the 
Na* concentration is in general somewhat higher in the plasma 
of the animals on the low sodium diet. No such difference be- 
tween the two groups was found for the calculated amounts of 
radioactive sodium in the whole of the blood plasma. In the 
calculations the value of the blood volume for the rat as given by 
Donaldson (11) and the directly measured hematocrit values 
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were used. This calculation showed an average content of 11 
per cent of the administered labeled sodium to be present in the 
blood stream. 

The skin, muscle, and blood plasma are the most important 
storage sites for the sodium. The former two tissues accounted 
for about 20 per cent each of the administered radioactive sodium. 
The total content of the liver was about 2.5 per cent. In the 
kidney, aside from several unusually high values of specific con- 
tent, there is about the same constancy as was found in the liver. 
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Fic. 3. Specifie content (retention) of radioactive sodium in blood and 
in various tissues per gm. of fresh weight. 


The actual values are about twice as great as those of the liver. 
The high values in the kidneys, presumably, are due to concen- 
tration of the labeled sodium in the process of being excreted. It 
is a point of interest that the unusually high values of specific 
sodium content in the kidneys were found in the sodium-low 
animals. 

Extremely high values of specific radioactive sodium content 
were also found in the stomach. These, too, mostly occurred in 
the sodium-low animals. 
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The specific content of the muscle of normal rats remained 
quite constant over the observed time interval. In the sodium- 
low animals there was a definite increase, starting at about 200 
minutes and continuing for the rest of the 1100 minute interval. 
This either represents an increase in the extracellular phase or a 
permeation of sodium into some part of the muscle in which there 
is not the same rapid exchange of ions as occurs in the interstitial 
fluid. 

The observed accumulation in the skin was quite variable. 
Toward the end of the time of observation there was a marked 
reduction in the amount of Na* in the skin in both normal and 
sodium-low animals. 

Apparent Volume of Distribution of Labeled Sodium—The cur- 
rent knowledge concerning the electrolyte and water relations of 
living tissues has been extensively discussed in reviews (1, 12-14) 
and original articles (15-19) in recent years. The conception 
in the main has been that tissues such as muscle consist of an 
extracellular phase which has approximately the composition of 
an ultrafiltrate of blood plasma and an intracellular phase which 
contains no sodium or chloride ions. This concept has been 
modified by Manery and Hastings (19), who have reached the 
conclusion that tissues consist of one extracellular phase which is 
in ionic equilibrium with blood plasma and consists essentially 
of plasma ultrafiltrate and connective tissue proteins, and two 
intracellular phases, one of which contains neither sodium nor 
chloride ions and the other contains chloride and may or may not 
have sodium in equivalent proportion. 

According to these authors, skeletal muscle, heart, liver, spleen, 
intestine, and brain can be nearly described in terms of the extra- 
cellular phase and the first intracellular phase. 

The work of Heppel (20, 21) who observed that sodium can 
replace the depleted muscle potassium of potassium-deprived 
rats supports the view that sodium can be present in the intra- 
cellular phase of tissues. 

The data on the specific contents of the labeled sodium given 
in Table II lend themselves to a calculation of the apparent volume 
of distribution, or the sodium space of the body and tissues. 
Similar calculations on the rabbit have been made by Griffiths 
and Maegraith (10). The data of these authors are not very 
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accurate because of the very weak radioactive sodium samples 
available to them. 

The assumptions upon which calculations of the relative pro- 
portions of the different tissue phases are based are given among 
others by Hastings and Eichelberger (17) and Manery and 
Hastings (19). Employing in principle the method of calculation 
given by Hastings and Eichelberger, we have calculated the ap- 
parent volumes of distribution of the labeled sodium and their 
standard deviations and the results are recorded in Table II. 

The following equations were employed in the calculation. 


a* 
F)wa = ——" X 100 
( Na (Na*|r x 
where (F’)x, is the sodium space in per cent of total water, {Na*},p 
the specific Na* content per gm. of tissue water, and {Na*}, the 
hypothetical specific Na* content of the sodium space. Now 


{Na*}r = (Na*)r/TH.o 


where (Na*)7 is the specific Na* content per gm. of fresh tissue 
and 7'y,9 the water content of the tissue, and 
0.95 
Na*ip = — ° 
{Na*}r 0.92 * (Na*)p 
in which (Na*)p is the specific Na* content of the blood plasma 
and the factors 0.95 and 0.92 are the Donnan distribution ratio 


and water content of the blood plasma, respectively. When 
these relations are combined, there is obtained the equation 





0.92 (Na*)r 
Pine = — X 00 — 
(F)Na 0.95 x 100 X (Na*)p X Tuo 





The apparent volume of distribution in the body in per cent of 
body weight is given by the relation 


P administered Na* minus excreted Na* ¥ 100 
7 (Na*)p body weight 





The values for the apparent volumes of distribution shown in 
Table II are in good agreement with values calculated by others 
(1, 19) from the total sodium content of the tissues. Since the 
rate of uptake of sodium by the tissues is very rapid, it would 
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follow that there is little, if any, of the region of sodium distribu- 
tion that is not readily permeated by the labeled sodium. The 
sodium of the tissues covered in the present investigation, it 
would appear, is essentially all extracellular. 
| The rise, late in the experimental period, of the specific Na* 
content of the muscle of the sodium-low rats that is seen in Fig. 3 
and the observation of Heppel (20) that about an hour is required 
for the ratio of muscle Na* to serum Na* to become constant in 
potassium-deprived rats, however, are open to the interpretation 
that sodium can be present in the intracellular phase. Obviously 
further experimental evidence is required to resolve this problem. 

The apparent volume of distribution determined for the mem- 
bers of the gastrointestinal tract are high, probably because of 
incomplete absorption of the labeled sodium in some instances, 
and later, because of reexcretion with the digestive fluids. The 
stomach is particularly outstanding in its apparently high volume 
of distribution. The kidneys also show an extremely high sodium 
distribution space. 

No significant differences were observed in the values of the 
sodium space between the normal and sodium-low animals. 


We are indebted to Professor E. O. Lawrence and the staff 
of the Radiation Laboratory of the University of California for the 
radioactive sodium used in these experiments. 


SUMMARY 


1. Radioactive sodium administered to fasted rats as sodium 
chloride is absorbed from the gastrointestinal tract even more 
rapidly than is potassium. The absorption probably takes place 
by a process of diffusion. 

2. The course of the excretion of labeled sodium through the 
kidney follows an exponential curve. As would be expected, 
animals on a diet low in sodium retained a larger fraction of the 
administered sodium than those on an adequate sodium intake. 

3. The absorbed sodium is very rapidly distributed throughout 
the fluids and tissues of the body so that a maximum of specific 
accumulation is already reached in most cases within about 10 
minutes. The specific accumulation then persists for many hours 
at a constant level. No statistically significant differences were 
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found between the levels of the sodium content of blood and tissues 
of the control and those of the sodium-low animals. 

4. Calculations of the sodium space of the body and tissues of 
the rat from the values of the labeled sodium contents showed good 
agreement with calculations made from total sodium content. 
This indicates that the labeled sodium rapidly permeates to all 
regions of the animal where sodium is normally present. The 
one exception to this was the muscles of the sodium-low rats 
which showed a steady increase in specific sodium content toward 
the end of the experimental period. 
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‘ 


The disease of cattle, known in veterinary practice as “sweet 
clover disease,’ arises from the eating of improperly cured hay 
or silage made from the common sweet clowers Melilotus alba and 
Melilotus officinalis. Its occurrence was originally observed prac- 
tically simultaneously in 1921 by Schofield in Canada and Rode- 
rick in this country. Schofield (1, 2) published his observations 
in 1922 and 1924. Subsequently Roderick (3, 4) and Roderick 
and Schalk (5) recorded the etiology and pathology of the disease 
in a comprehensive and thorough study made at the North Dakota 
Agricultural Experiment Station during the interval of 1921-32. 

This disease is in a sense without parallel in animal pathology 
or human medicine (6-8). When cows, sheep, or rabbits are fed 
spoiled sweet clover hay made from any of the common Melilotus 
varieties, the disease is manifested by a progressive diminution 
in the clotting power of the blood and resultant hemorrhages 
which usually become fatal. It was recognized by Schofield (2) 
that the disease could be controlled in cattle by the withdrawal 
of the spoiled hay from the diet and by the injection of blood 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. Cooperative studies with the Division of 
Forage Crops and Diseases, United States Department of Agriculture, and 
the Wisconsin Agricultural Experiment Station, paper No. 264, Genetics 
Department; personnel and supply assistance since July 1, 1938, in part 
through the Natural Science Research Project 65-1-53-2349 of the Federal 
Works Progress Administration (Madison). 
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serum freshly drawn from normal cattle, provided the hemorrhagic 
extravasation had not proceeded too far. 

Roderick (4, 5) observed that hemorrhage may occur in almost 
any part of the body, but most frequently in the subcutaneous 
and intermuscular fasciae. No visible alteration was found in 
the blood vessels to explain the internal hemorrhagic diathesis, 
but external hemorrhage may be readily induced by surgical treat- 
ment or accidental injuries. The causative agent in the spoiled 
hay apparently survives the digestive processes, enters the blood 
stream, and by some mechanism at present unknown, either pre- 
vents the formation of prothrombin in the liver, or effects an 
inactivation of formed prothrombin. Recently Quick (9) con- 
firmed the fundamental observation of Roderick that the delay 
in the coagulation time of the blood is due to a disturbance of the 
prothrombin, which is generally recognized as one of the essential 
components of the blood coagulation mechanism (6-8, 10, 11). 

Prior to the biochemical studies begun at this Station in 1934, 
some efforts had been made by others to extract the causative 
agent from hay known to induce the hemorrhagic condition char- 
acteristic of the disease. Schofield (2) attempted to prepare con- 
centrates by extraction with water. The resulting aqueous ex- 
tracts were fed to six rabbits. Three of them remained normal. 
In the other three a delay in the clotting time of the blood was 
observed and in addition it appeared that some destruction of the 
red blood cells was induced by the aqueous concentrate. 

Roderick and Schalk (5) extracted spoiled hay with water and 
fed the extract daily to a group of rabbits for approximately a 
month. The clotting power of the blood of these animals was 
not altered. In another attempt an aqueous extract of spoiled 
hay was concentrated under reduced pressure (50-55°). The con- 
centrate was fed to rabbits but no pathological response was 
noted. When the undissolved residue was fed to rabbits, the 
usual symptoms of the disease resulted, which indicated clearly 
that the causative agent, as it occurred in the hay, was not water- 
soluble. 

Roderick and Schalk (5) also attempted to extract the causative 
agent with 95 per cent ethanol, ethyl ether, and 1 per cent acetic 
acid. None of these attempts was successful. Subsequently 
Brown, Savage, and Robinson (12) prepared aqueous extracts of 
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the spoiled hay which were fed to rabbits without any deleterious 
effects. The extensive experimentation done by Roderick and 
Schalk with aqueous extracts of spoiled hay and the findings of 
Brown et al. cast some doubt on Schofield’s work, which stands 
alone in its claim that the causative agent, as it occurs in spoiled 
hay, can be extracted with water. All other attempts to extract 
the hemorrhagic agent which had come to our attention when the 
chemical investigations were initiated at this Station were un- 
successful." 

Two fundamental issues confronted us when this study was 
begun. There were no chemical criteria available to establish 
the presence of the hemorrhagic agent, and a bioassay offered the 
only available means of testing the physiological activity of prepa- 
rations and extracts. In the absence of a chemical test complete 
reliance had to be placed on a determination of the prothrombin 
level or activity in rabbit blood or plasma. 

We soon recognized that extraction of the hemorrhagic agent 
in a physiologically active form through a simple and direct opera- 
tion was not feasible. When the clotting time of whole blood 
was used for the biological assay, it was found that the hemorrhagic 
agent was insoluble in petroleum ether, ethyl ether, ethanol, 
acetone, dioxane, water, and aqueous acid. On the other hand, 
dilute sodium hydroxide effected the solution of the hemorrhagic 
principle. In 1936-37 one of us developed a scheme for the 
preparation of active concentrates (13). 

With the prothrombin method of Quick (14) for the bioassay, 
this extraction scheme, which will not be given in detail, yielded 
concentrates with much higher activity than the original hay. A 
bluish green ether solution was obtained which upon removal of the 
ether gave a green residue weighing 0.52 gm. This concentrate 
showed a physiological activity equivalent to about 75 gm. of the 
original hay and thus represents a concentration of about 150-fold. 
Treatment of the blue-green ether solution with the activated 
carbon known as Nuchar, after addition of 3 volumes of petroleum 
ether, removed 0.14 gm. of solid material from the solution. This 
treatment left a colorless inactive solution. Attempts to elute the 
physiologically active material were unsuccessful. But when the 


! Private communications to K.P.L. from various investigators who 
abandoned the work without publishing their findings. 
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carbon was fed to a rabbit, a reduction in prothrombin activity 
was noted equivalent to that obtained after 50 gm. of the original 
spoiled sweet clover hay were fed. This indicated that at least 
partial elution of the active principle from the carbon was effected 
by the digestive system of the rabbit. 

After repeated trials we have succeeded in separating the hemor- 
rhagic substance quantitatively from the spoiled hay. We are now 
able to produce consistently an active concentrate with a potency 
approximately 200 times greater than the original spoiled hay.* 
This concentrate is essentially free from fats, waxes, certain pig- 
ments, sugars, glycosides, water-soluble polysaccharides, water- 
soluble acids, amines, alkaloids, water-soluble proteins, and water- 
soluble decomposition products of chlorophyll. 

At this stage of the investigation the chemical nature of the 
hemorrhagic agent is still unknown. Consequently each step in 
the fractionation scheme has been developed and controlled sepa- 
rately through prothrombin assays on standardized susceptible 
rabbits, selected specifically for this study (15).2. The activity 
of each fraction was related to the original spoiled hay rather than 
to the total solids of the individual active fractions. By evaluat- 
ing each fraction by the prothrombin assay it became possible 
to include in the scheme only those operations that effect essen- 
tially a quantitative separation of the physiologically active agent. 


EXPERIMENTAL 


The spoiled sweet clover hay used in this work was produced 
experimentally? from Melilotus alba by the procedure de- 
veloped here by Smith and Brink (16). In its color and tobacco- 
like suffocating odor, the artificially spoiled hay corresponded 
to the spoiled hays that are encountered in agricultural practice 
and, as Roderick showed, are usually fatal to cattle ((5) p. 39). 
The hay was milled so that it would pass through a screen having 
openings about 0.5 mm. in diameter. 


? The method employed to assay potent spoiled sweet clover hays and 
physiologically active concentrates prepared therefrom by evaluating their 
capacity to reduce the prothrombin level in rabbit plasma will be given 
in detail in a subsequent paper. 

* The spoiled hay used by Quick (9) was obtained in October, 1936, from 
this experimentally produced stock. 
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Extraction Procedure (See Diagram) 


Step 1—The milled hay (3 kilos) is extracted with Skelly- 
solve A (pentane) for 24 hours in a large Soxhlet extractor (Barn- 
stead Still and Sterilizer Company). The extract containing 
waxes, fats, and other lipoidal material is inactive. The solvent 
is allowed to evaporate from the extracted hay at room tem- 
peratures. 

Step 2—The extracted hay‘ is placed in 30 liters of water to 
which 260 ec. of coneentrated HCl] have been added. During 
the steeping for 48 hours at 25-30°, the suspension is shaken 
occasionally and if necessary concentrated HC] is added to main- 
tain the pH in the range of 1 to 2. After 48 hours the steep- 
waters are removed by filtration. They are inactive and contain 
materials soluble in dilute aqueous acid (carbohydrates, acids, 
proteins, alkaloids, etc.). 

Step 3—The wet filter cake from Step 2 is placed in 30 liters 
of water containing 120 gm. of NaOH and steeped for 48 hours 
at 25-30°. The mash is shaken occasionally and if necessary 
concentrated NaOH is added to maintain a pH of 11 to 12. This 
treatment effects an extensive swelling and disintegration of the 
sweet clover tissue. The pectins, hemicelluloses, gums, and water- 
insoluble acids dissolve in the form of sodium salts. If the liquid 
is separated from the fiber at this point by filtering or centrifuging, 
the hemorrhagic fraction is found in the alkaline solution. The 
fiber is inactive. However, the dispersed pectins, gums, and 
hemicelluloses make the separation of the fiber and insoluble 
material very difficult and laborious. In practice this laborious 
and time-consuming separation is avoided through the technique 
embodied in Step 4. 

Step 4——The alkaline solution (without separation from the solid 
fibrous material) is acidified by adding concentrated HCl until 
the solution is at pH 3.0. This precipitates the pectins, hemi- 
celluloses, gums, and water-insoluble acids on the suspended fibers 
which then act as a carrier and greatly facilitate filtration. The 
acidified suspension should stand several hours to allow the acid 
to diffuse into the fibrous material before the filtration is made. 
The filtrate is inactive, while the precipitated material contains 
the total physiological activity of the spoiled sweet clover hay. 


‘10 gallon glass-lined vessels are used in Steps 2 and 3. 








52 Hemorrhagic Sweet Clover Disease. I 


Step 5—The precipitated material collected on the filter in 
Step 4 is leached with 20 liters of ethanol (90 to 95 per cent) for 
48 hours at 25-30°. The ethanolic extract is removed by filtra- 
tion. This leaching process is repeated three times and the four 

Steps in Concentration of Hemorrhagic Agent 
Spoiled sweet clover hay 
1. Extract with n-pentane 


— — 


-—-- ———— -- - 








4 
(Residue) 
Extract (discard) 2. Steep in water 48 hrs., pH 1-2; 
filter 
Filtrate (discard) 3. Steep in water 48 hrs., pH 11-12 
4. Adjust to pH 3.0; filter 
Filtrate (discard) (Residue) 
5. Extract with 95% ethanol; filter 
Residue (discard) (Filtrate) 

6. Remove EtOH at 30° 

7. Dissolve residue in 0.5% NaOH; 
adjust pH to 3.0; filter 

Resta 1 AUN hee FAST mE MT re ep 
Filtrate (discard) (Ppt.) 

8. Dissolve in methanol; ppt. with 

ethyl ether; filter 
2 eee ae 1a 
Ppt. (discard) (Filtrate) 

9. Remove solvent; dissolve resi- 
due in 0.5% NaOH; adjust 
pH to 3.0; extract with ethyl 
ether 

Water layer and insoluble ppt. Ether solution 
(discard) Activity 200 X original hay 


(minimum) 


ethanolic extracts are combined. They contain the acids, 
proteins, chlorophyll degradation products, and some lipoidal ma- 
terial soluble in ethanol. The ethanolic extract is active, while 
the insoluble fibrous material is inactive. 

Step 6—The ethanolic extracts are concentrated in a 5 gallon 
Pfaudler glass-lined vacuum still under reduced pressure at 25-30°. 
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Step 7—The residue from Step 6 is removed from the still by 
dissolving it in 0.5 per cent NaOH. The alkaline solution is 
acidified by adding HCl until pH 3 is reached to precipitate the 
active material. The flocculent precipitate formed settles on 
standing for about 12 hours. The clear supernatant liquid is 
filtered through an asbestos mat on a Buchner funnel. The 
brownish green precipitate is finally transferred to the filter and 
sucked dry. The inactive filtrate is discarded. 

Step 8—The active brownish green precipitate obtained in Step 7 
is removed from the filter, and dissolved in 1 liter of methanol. 
To this solution are added 3 volumes of ether, which gives a large 
flocculent precipitate. This precipitate is removed by filtration 
through a fluted filter paper. The precipitate is dissolved in 
methanol and again precipitated by adding ether. This treatment 
gives a large gummy precipitate which is inactive, and a brownish 
green active solution. 

Step 9—The physiologically active solution from Step 8 is con- 
centrated under reduced pressure at 25-30° to remove volatile 
solvents. The residue is dissolved in about a liter of 0.5 per cent 
NaOH and is then precipitated in a finely divided condition by 
acidifying with HCl. The solution should be definitely acid to 
Congo red (about pH 3). The suspension is shaken with an equal 
amount of ethyl ether. After the ether layer is separated from 
the insoluble material and aqueous layer, the solid material is 
dissolved by adding NaOH, again precipitated, and shaken with 
ether. The ether layers, which have a high activity, are combined. 
The insoluble material suspended in the aqueous layer retains 
some activity. By repeating the extraction procedure of Steps 8 
and 9 on this residue, the remaining activity is almost completely 
obtained in the ether layer. 

The ether solution has a blue-green color and contains the ether- 
soluble, water-insoluble, acidic compounds such as chlorophyll 
degradation products, fatty acids, phenolic compounds, organic 
acids, ete. After the ether is removed under reduced pressure, a 
concentrate (15 to 18 gm.) is obtained which has constant physio- 
logical activity. When 0.60 gm. of this concentrate was fed to 
standardized susceptible rabbits? the plasma prothrombin level 
was reduced to 10 per cent of the normal in 40 to 48 hours. This 
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represents a 200-f6ld concentration (minimum) of the hemorrhagic 
principle. 


SUMMARY 


1. An extraction and fractionation scheme has been developed 
for the concentration of the hemorrhagic substance in spoiled 
sweet clover hay (Melilotus alba). 

2. When 0.60 gm. of this concentrate is fed to standardized 
susceptible rabbits, the plasma prothrombin is reduced to 10 per 
cent of the normal in 40 to 48 hours. This is equivalent to a 
200-fold concentration (minimum) of the hemorrhagic agent. 

3. The chemical nature of the hemorrhagic agent present in the 
concentrates is not known at this stage. However, it can be 
stated that the concentrate is essentially free from the following 
classes of substances: fats, waxes, certain pigments, sugars, glyco- 
sides, water-soluble polysaccharides, water-soluble acids, amines, 
alkaloids, water-soluble proteins, and water-soluble decomposi- 
tion products of chlorophyll. 


This series of investigations on the hemorrhagic sweet clover 
disease was undertaken at the suggestion of Dr. R. A. Brink of 
the Genetics Department, who in 1933 initiated the first trials at 
this Station to select a non-bitter strain of sweet clover. We are 
indebted to Dr. Brink and to Dr. E. A. Hollowell of the Office 
of Forage Crops and Diseases, United States Department of 
Agriculture, Washington, for their generous counsel and financial 
assistance throughout the course of this study. 
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The method proposed by Rappaport (6) for the estimation of 
nitrogen is based on the reaction 3NaOBr + 2NH; — Ne + 
3H.0 + 3NaBr. We have modified this method in detail while 
retaining its basic principle. The principal modifications con- 
sist of adoption of the digestion method of Koch and McMeekin 
(2), a more convenient method for neutralizing the digest, and 
a more stable hypobromite solution. The modified method has 
been adapted to two ranges of nitrogen and has been used with 
protein material. The higher range, which we call a micro! 
range, covers 0.5 to 0.05 mg. of N and the lower one, called a 
decimicro range, covers 0.05 to 0.005 mg. No difficulties should 
be met in bringing the method to a centimicro scale, 0.005 to 
(0.0005 mg., if the techniques of Linderstrém-Lang and Holter 
(4) are adopted. 

Micromethod—-Digestion is carried out with 1 ml. of 1:1 H,SO, 
and 30 per cent H2Qz¢ essentially as described by Koch and Mc- 
Meekin (2). We have found Hengar? granules to be excellent 
antibumping material. After the digest is clear and cool, 10 


1 In view of the many and inconsistent names used to describe various 
methods for estimation of small quantities of material, we propose a ra- 
tional system based on the number of millimolecules in the sample esti- 
mated. If the number of millimolecules is in the second decimal place, 
we call the method a micromethod. If the amount is in the third decimal 
place, we call it a decimicromethod; and if in the fourth, we call it a centi- 
micromethod, following the system of prefixes used in the metric system. 
Further extension both upwards and downwards is obvious. 

? Obtained from the Hengar Company, 1833 Chestnut Street, Phila- 
delphia. 
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drops of saturated potassium persulfate (5) are added and the di- 
gestion carried on for a few more minutes. We have found that 
persulfate completes the oxidation with greater certainty than 
H,O,2. It is not used for the whole digestion because of the 
resultant accumulation of salt when large quantities of organic 
matter need to be oxidized. After the oxidation is complete, the 
peroxides must be removed completely. This is done by adding 
1 ml. of H,O to the digest along with a fresh boiling stone and 
boiling down to fuming again. 

After cooling, the digest is diluted with 10 ml. of H,O, the 
mixture is cooled by immersion in tap water, and 5 ml. of the 
neutralizing reagent added and mixed with cooling. The neu- 
tralizing reagent consists of 0.5 n NaBO, and 3.5 n NaOH pre- 
pared by dissolving 30.9 gm. of H;BO; in a liter of 4 n NaOH. 
The reagent is designed to contain insufficient NaOH to neu- 
tralize the H:SO, and more than sufficient NaBO, to make up the 
deficit. Each new batch of digestion acid and neutralizing reagent 
should be tested to be sure that the mixture is alkaline to phenol- 
phthalein. 

The hypobromite solution is prepared fresh each day by mixing 
20 ml. of a solution of 2.5 ml. of Bre and 20 gm. of KBr in a liter 
of water with 50 ml. of 0.4 N NaBO, prepared from 100 ml. of 
4 n NaOH and 24.7 gm. of H;BO; made up to a liter. The re- 
duced alkalinity of this solution as compared with NaOH-Br, 
mixtures slows the change of NaOBr to NaBrO; which is inactive 
in the reaction with NH;. Exactly 5 ml. of the hypobromite are 
pipetted into the neutralized digest and, after being mixed, the 
solutions are allowed to stand at least 2 minutes at room tem- 
perature. 

To estimate the excess NaOBr, approximately 0.5 gm. of solid 
KI is added and caused to dissolve by shaking. The solution is 
then acidified by the addition of 1 ml. of 6 N H,SO, and the lib- 
erated iodine titrated with standard 0.01 Nn thiosulfate; 3 drops of 
1 per cent starch in 20 per cent NaCl were used near the end- 
point. 

The amount of nitrogen in the sample in mg. is calculated by 
multiplying the difference between the titer of the unknown and 
that of a blank by the normality of the thiosulfate and then by 
14.01/3 = 4.67. The blank usually falls between 12 and 14 ml. 

Decimicromethod—The method is essentially the same except 
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that all quantities of solution are reduced to 0.1 of those in the 
micromethod. The semiautomatic pipettes described by Levy 
(3) are used. Since it is inconvenient to make these to hold exact 
predetermined volumes, allowance is made in the concentration 
of reagents so that each delivers the proper total quantity of ma- 
terial. 

Digestion is carried out in 13 X 100 mm. Pyrex test-tubes with 
100 c.mm. of 1:1 H,SO, Heating is conveniently carried out by 
the use of an Al or Cu block with wells 12 mm. deep to hold the 
tubes essentially as described by Borsook and Dubnoff (1). 
A sheet metal strip with holes spaced like those in the block and 
of a size to catch the rim of the test-tubes is convenient. It is 
mounted on a ring-stand and, by lifting it, all of the tubes are 
removed from the heat at once for cooling and addition of 
H20s>, etc. 

After addition of the acid and samples and small Hengar gran- 
ules, the tubes are heated in the block until fuming and charring 
occur. They are removed, cooled, and a small drop of 30 per cent 
peroxide added to each, then returned to the block, and the heating 
continued. This is repeated until the digest remains clear after 
3 minutes heating. Finally, 2 small drops of saturated persulfate 
are added and the tubes heated for at least 5 minutes. The ring 
of condensing H,SO, should rise about 2 cm. above the heating 
block if the temperature of the block is right. After cooling, a 
fresh granule is added with 100 c.mm. of H,O to each tube and 
the tubes are placed in an oven at about 120° for 30 minutes to 
destroy peroxides. After this treatment, the digest is diluted 
with 1 ml. of H,O and thoroughly mixed, cooled in tap water, and 
neutralized by addition of the equivalent of 500 c.mm. of the neu- 
tralizing reagent described above. If the pipette does not have 
this exact volume, the reagent is made more concentrated or 
dilute as necessary to make the final pH alkaline to phenolphthal- 
ein. After cooling, 500 c.mm. of the hypobromite described 
above are added and the tubes kept at room temperature for 2 
minutes. Excess hypobromite is determined by adding approxi- 
mately 0.05 gm. of KI, dissolving, then adding 100 c.mm. of 6 
nN H,SO,, and titrating from a 2 ml. microburette with 0.01 
N thiosulfate. Blanks should run between 1.2 and 1.4 ml. The 
calculations are as above. 

All reagents used should, of course, be as nearly NH;-free as 
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possible. Special attention to the 6 N H,SQO, used is necessary 
because variable amounts of any NH; in it will be oxidized during 
its addition to the mixture. 

The two methods have been tested on standard (NHy,4).SO, 
solutions, egg albumin, and diluted serum. ‘The last two were 
standardized by the Kjeldahl method. Some of the tests are 
summarized in Table I. 


TABLE | 
Accuracy of Iodometric Method with Protein Solutions 


N present N found, range Average error 
mg. mg. mg. per cent 
Micromethod| 0.061 0.064 -0.059(5)* 0.0015 2.1 
0.244 0.248 -0.240(5) 0.002 0.9 
0.488 0.478 -0.490(5) 0.006 1.2 
Decimicro- 0.0094 0 .0100-0 .0090 (6) 0.0003 3.0 
method 0.0107 0 .0103-0 .0101 (4) 0.0005 5.0 
0.0214 ).0210—0 .0214(15) 0.0006 2.5 
0.0467 0 .0470-0 .0461 (5) 0.00024 0.5 


* Number of samples is given in parentheses. 


The methods do not require expensive spparatus and are simple 
and rapid. We have found them convenient for the estimation of 
small amounts of nitrogen as encountered in young chick embryos. 
Other workers have found them useful for estimation of N in 
allergens, in blood filtrates, and in bacteria. 


SUMMARY 


Methods for the estimation without distillation of N in samples 
of 0.5 to 0.005 mg. of N as protein have been described based on 
the reaction of NH; with hypobromite. 
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In a previous communication (1) it was reported that acetyl-dl- 
phenylalanylglycine, when treated with aniline in the presence of 
cysteine-papain, yields acetyl-l-phenylalanylglycine anilide, and 
that the d component of the acetylated dipeptide does not undergo 
a similar synthesis. Recently, this example of antipodal specific- 
ity was reinvestigated with the aid of a highly effective papain 
preparation. Acetyl-d-phenylalanylglycine and both the active 
isomers of carbobenzoxyphenylalanylglycine were prepared and 
separately treated with aniline in the presence of cysteine-papain. 
The d forms were found to combine with aniline under the in- 
fluence of the enzyme, although much more slowly than the l 
forms. The different speed of the enzymatic syntheses of the 
l- and d-anilides may be utilized for the preparation of pure 
l-phenylalanine and d-phenylalanine, with the easily accessible 
acetyl-dl-phenylalanylglycine as a starting material. 

The asymmetric course of the reactions discussed above is 
caused by the asymmetry of the phenylalanine residue. This 
residue is not directly involved in the coupling reaction, since it 
is the carboxyl of the glycine residue that undergoes the anilide 
formation. 

In another set of experiments the glycine residue was replaced 
by the residues of natural asymmetric amino acids. First acetyl- 
l-phenylalanyl-l-leucine, as well as acetyl-d-phenylalany]-l-leucine, 
was combined with aniline in the presence of cysteine-papain. 
In this case the substrate containing the l-phenylalanine residue 
again reacted markedly faster. Acetyl-l-phenylalanyl-l-leucine 
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was transformed into its anilide to the extent of 70 per cent in 24 
hours, whereas only 34 per cent of acetyl-d-phenylalany]-l-leucine 
was transformed in 48 hours. The corresponding dehydro com- 
pound, acetylaminocinnamoyl-l-leucine, was transformed into 
its anilide to the extent of only 10 per cent in 96 hours. 

Similarly both acetyl-i-phenylalanyl-l-glutamic acid and acetyl- 
d-phenylalanyl-l-glutamic acid were transformed into their re- 
spective anilides by cysteine-papain, although at markedly differ- 
ent rates. 24 per cent of the first compound was transformed in 
the course of 2} hours, whereas the latter compound reacted to 
this extent only after 24 hours. 

The compounds acetyl-l-phenylalanyl-l-proline and acetyl]-d- 
phenylalanyl-l-proline were also prepared and subjected to the 
action of aniline in the presence of cysteine-papain. In both 
cases, no anilide formation took place. It appears that these 
acylated dipeptides, containing /-proline at the carboxy] end, are 
resistant to the synthesizing action of cysteine-papain. 


EXPERIMENTAL 


Enzymatic Synthesis of Acetyl-d-Phenylalanylglycine Anilide— 
The enzymatic synthesis of the corresponding | form from acetyl- 
dl-phenylalanylglycine and aniline has been described previously 
(1). After filtration of the acetyl-l-phenylalanylglycine anilide, 
the filtrate contained acetyl-d-phenylalanylglycine. This was 
isolated in the following manner. The filtrate was acidified to 
Congo red with diluted H,SO, and evaporated to dryness in 
vacuo. The residue was extracted with absolute ethanol and the 
solution evaporated. Acetyl-d-phenylalanylglycine was obtained 
by recrystallizing the residue from water. Needles, with a melt- 
ing point of 159-161°, were obtained. 

CyuHy.OwW:. Calculated. C 59.1, H 6.1, N 10.6 


264.3 Found. "ta oo * me 
[a]? = —1.9° (10% in CH,OH) 


On treatment of acetyl-d-phenylalanylglycine with aniline and 
cysteine-papain at 40° over a period of 5 days, acetyl-d-phenyl- 
alanylglycine anilide precipitated in a yield of 72 per cent of the 
theory. After recrystallization the anilide melted at 208-209° 
and showed [a]” = —21.0° under the same conditions under which 
the antipode had shown [a]” = +21.3° (1). 
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Preparation of l-Phenylalanine and d-Phenylalanine—To a solu- 
tion of 64 gm. of acetyl-dl-phenylalanylglycine in 120 ce. of acetate 
buffer, pH 5, there were added, at 40°, 49 cc. of aniline, 1.1 liter 
of water, and a filtered solution of 2.5 gm. of papain and 1 gm. of 
cysteine hydrochloride in 500 ec. of water. Within 15 minutes 
white needles of acetyl-l-phenylalanylglycine anilide began to 
form. After 2 hours the precipitate was filtered off and washed 
with a bicarbonate solution. 35 gm., with a specific rotation of 
+18.9° and a melting point of 205-207°, were obtained. In 
order to isolate the l-phenylalanine from this precipitate, it was 
refluxed with 280 cc. of HCl (20 per cent) for 12 hours. At 0° 
the hydrolysate deposited 15 gm. of l-phenylalanine hydrochloride. 
A further 5 gm. were obtained on concentration. The hydro- 
chloride was dissolved in 90 ec. of warm water, and decolorized 
with charcoal. Ammonium acetate was added to the filtrate to 
bring it to pH 5. At 0°, 11.2 gm. of l-phenylalanine with a spe- 
cific rotation of —35.6° were obtained. 

The filtrate from the acetyl-l-phenylalanylglycine anilide de- 
posited, in 2 days at 40°, 12.2 gm. of an acetylphenylalanylglycine 
anilide with an [a], = +3.1° (in glacial acetic acid), indicating 
that this was a mixture of the d- and the [-anilide. This anilide 
was discarded. The filtrate now contained almost exclusively 
the d form of the original acetylphenylalanylglycine. The solu- 
tion was evaporated to dryness in vacuo and the residue taken 
up in 250 cc. of HCl (20 per cent) and refluxed for 12 hours. 
The hydrolysate deposited, at 0°, 14.5 gm. of d-phenylalanine 
hydrochloride from which 8.4 gm. of d-phenylalanine with an 
la], = +32.3° were obtained. 

Carbobenzory-l-Phenylalanylglycine—14.1 gm. of carbobenz- 
oxy-l-phenylalanylglycine ethyl ester (2) were stirred with 30 ce. 
of ethanol and 28 ce. of 2 N NaOH, until a homogeneous solu- 
tion resulted. On addition of 28 cc. of 2N HCl the acylated 
dipeptide separated out in the form of colorless needles. Yield, 
13.0 gm. The material was recrystallized from ethanol by addi- 
tion of water and dried at 100° in vacuo over P2O;. M.p., 151- 
152°. 

CygH2pOsNe. Caleulated. C 64.0, H 5.7, N 7.9 


356.4 Found. ** 63.7, ‘* 5.3, “ 8.1 (micro-Dumas) 
la]p = —9.6° (5% in glacial acetic acid) 
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Carbobenzoxry-l-Phenylalanylglycine Anilide—To a solution of 
0.89 gm. of carbobenzoxy-l-phenylalanylglycine in 2.5 ec. of N 
NaOH there were added 0.5 cc. of aniline, 15 cc. of citrate buffer 
(pH 5.0), 50 mg. of cysteine hydrochloride, 10 ec. of papain solu- 
tion, and water to 50 ce. After 3 hours incubation 0.91 gm. of 
the anilide had precipitated. It was recrystallized from acetic 
acid with water and then from methanol. M.p., 180°. 

CysHys0.N;. Caleulated. C 69.6, H 5.8, N 9.7 
$31.5 Found. “© @0.4, * 5.6, ** 10.0 
fa]p = +9.3° (5% in glacial acetic acid) 


Carbobenzory-d-Phenylalanylgiycine—The ethyl ester of this 
compound was obtained with carbobenzoxy-d-phenylalanine as 
a starting material in a manner analogous to the preparation of 
carbobenzoxy-l-phenylalanylglycine ester from carbobenzoxy-l- 
phenylalanine (2). M.p., 109-111°. 

CaHeOsN-2 (384.4). Calculated, N 7.3; found, N 7.1 


By saponification of the ester, the free carbobenzoxy-d-phenylal- 
anylglycine was obtained. M.p., 150-151°. 


CyisHeoOsN: (356.4). Calculated, N 7.9; found, N 7.7 
la]p = +9.7° (in glacial acetic acid) 


Carbobenzoxry-d-Phenylalanylglycine Anilide—This substance 
was prepared in a manner similar to that described for the / 
form. After 3 hours, 0.29 gm. of anilide had precipitated. After 
recrystallization, the anilide had a melting point of 179°. 

CosH20,.N 3. Caleulated. C 69.6, H 5.8 


431.5 Found. =o. oe 
la]? = —9.4° (5% in glacial acetic acid) 


Acetyldehydrophenylalanyl-l-Leucine—To a solution of 26.2 
gm. of /-leucine in 400 cc. of 0.56 n NaOH there were added 37.4 
gm. of acetaminocinnamic acid azlactone and 250 ec. of acetone. 
The mixture was shaken until the azlactone was dissolved, and 
then allowed to stand overnight. On addition of 200 cc. of N 
HCl, acetaminocinnamoylleucine precipitated out. It was fil- 
tered at 0° and washed on the filter with ice-cold methanol. 
Reprecipitation from the solution in aqueous sodium bicarbonate 
with HCl yielded 40 gm. For analysis, the substance was dis- 
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solved in methanol and crystallized by the addition of water. 
Rods, melting at 218-219° (decomposition), were obtained. 


Cy7HeOyNe. Calculated. C 64.1, H 6.95, N 8.8 
318.4 Found, “ 64.1, “° 6.7, “ 8.6 


Acetyl-l-Phenylalanyl-l-Leucine and _ Acetyl-d-Phenylalanyl-l- 
Leucine—15 gm. of acetyldehydrophenylalanyl-l-leucine were 
dissolved in a mixture of 200 ec. of methanol and 3 cc. of glacial 
acetic acid. After hydrogenation in the presence of palladium 
black, the filtered solution was evaporated to dryness. The resi- 
due was fractionally crystallized from 50 per cent aqueous dioxane, 
the first fraction consisting of plates and the later ones of rods. 

After recrystallization from methanol-water the fractions ex- 
hibited the following characteristics. 

Acetyl-l-phenylalanyl-l-leucine, plates, m.p. 191—193°. 

CizH2,O.N2. Calculated. C 63.7, H 7.55, N 8.7 


320.4 Found. ** 68.65, ** 7.4, “ 8.7 
falp = —5.4° (10% in absolute alcohol) 


After another recrystallization [a], was —5.6°. 

Acetyl-d-phenylalanyl-l-leucine, rods, m.p. 183-184°. Found, 
C 63.6, H 7.4, N 8.5. [a]® = —8.3° (10 per cent in absolute 
alcohol). After another recrystallization [a], was —8.4°. 

Acetyl-l-Phenylalanyl-l-Leucine Anilide—To a solution of 0.32 
gm. of acetyl-l-phenylalanyl-l-leucine in 1 ec. of Nn NaOH there 
were added 4 cc. of citrate buffer, 10 mg. of cysteine hydro- 
chloride, 9 mg. of papain, and 0.11 gm. of aniline. At 40° crystals 
began to separate within 10 minutes. After 24 hours the anilide 
that had separated out corresponded to 70 per cent of the theory. 
Recrystallized from absolute ethanol, it consisted of long thin 
rods. M.p., 234-235°. For analysis the anilide was dried in 
vacuo at 78° over POs. 

CesH29O3N3. Calculated. C 69.85, H 7.4, N 10.6 


395.5 Found. “69.9, “ 7.46, * 10.6 
fale = —41.7° (4% in glacial acetic acid) 


Acetyl-d-Phenylalanyl-l-Leucine Anilide—The preparation of 
this substance was carried out as described for the ] form. After 
2 days incubation at 40°, 34 per cent of the theoretically possible 
amount of anilide had separated. It was recrystallized by addi- 
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tion of water to its alcoholic solution. Long, fine needles were 
obtained. M.p., 205-206°. The anilide was dried at 78° over 
P2Os in vacuo. 

CesH2sO3N;3. Calculated. C 69.85, H 7.4, N 10.6 


395.5 Found. "a." ta. ae 
[a]> = —24.8° (4% in glacial acetic acid) 


Acetyldehydrophenylalanyl-l-Leucine Anilide—The preparation 
of this anilide from acetyldehydrophenylalany]-/-leucine and ani- 
line was carried out in a manner analogous to the previously 
described preparation of acetyl-l-phenylalanyl-l-leucine anilide. 
After 4 days incubation at 40°, 10 per cent of the anilide had 
separated out. From an alcohol-water mixture the anilide 
crystallized in elongated plates. M.p., 205-206°. For analysis 
the anilide was dried at 78° in vacuo over P2Os. 

CasH270;N;3. Calculated. C 70.2, H 6.9, N 10.7 
393.5 Found. "ma ” 6S." MS 
fa]> = —5.6° (4% in glacial acetic acid) 


Acetyl-d-Phenylalanyl-l-Glutamic Acid—When acetyldehydro- 
phenylalanyl-l-glutamic acid is hydrogenated according to the 
method of Bergmann, Stern, and Witte (3), acetyl-/-phenylalanyl- 
l-glutamic acid can easily be obtained by crystallization. The 
mother liquor, on evaporation in vacuo, delivers crude acetyl-d- 
phenylalanyl-l-glutamic acid as an oil which can be crystallized 
by dissolving it in 4 parts of hot water and subsequent thorough 
cooling. Yield, about 50 per cent of the weight of the starting 
material. This preparation still contained some acetyl-l-phenyl- 
alanyl-l-glutamic acid, which could be removed by several re- 
erystallizations. Finally, an  acetyl-d-phenylalanyl-l-glutamic 
acid was obtained, which showed [a]? = —9.0° (10 per cent in 
methanol). 

For the purpose of this investigation it was essential to obtain 
the acetyl-d-phenylalanyl-l-glutamic acid completely free from 
the isomeric /-phenylalanine derivative. Therefore, the crude 
material was purified over the dimethyl ester. The dimethyl 
ester was prepared either by means of diazomethane (3) or 
by means of saturated methanol-HC! at 0°. In the latter case, 
after evaporation in vacuo, repetition of the esterification, 
and evaporation, an oil was obtained. It was dissolved in warm 
ethyl acetate, and the solution extracted with a bicarbonate 
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solution and washed with water. On cooling of the ethyl acetate 
solution, the dimethyl] ester crystallized. Yield, 60 per cent of the 
theory. M.p., 129°. [a]? = —20.7° (10 per cent in methanol). 
For saponification 5.4 gm. of the dimethyl ester were shaken 
with 30 cc. of ethanol and 33 ce. of Nn NaOH until solution was 
complete. After an additional 15 minutes, 35 cc. of n HCl were 
added, and the solution was evaporated to about 15 ec. Upon 
thorough cooling 4.4 gm. of acetyl-d-phenylalanyl-l-glutamic 
acid crystallized as plates. They were recrystallized from 4 
parts of water and dried over P,O;. On heating, the substance 
begins to soften at 95°, liquefies at about 115°, and decomposes 
above 240°. The air-dried compound contains } molecule of water. 
For analysis the substance was dried at 78° in vacuo over P2Os. 


CysHepOeNo. Calculated. C 57.1, H 6.0, N 8.3 
336.3 Found. ** 57.3, ‘* 6.15, ** 8.2 
la]Jb = —9.1° (10% in methanol) 


Acetyl-d-Phenylalanyl-l-Glutamic Acid Monoanilide—0.33 gm. 
of acetyl-d-phenylalanyl-l-glutamic acid was dissolved in a mix- 
ture of 0.5 ec. of N NaOH, 0.2 ce. of aniline, and 5 ce. of citrate 
buffer. To this solution were added 10 mg. of cysteine hydro- 
chloride, 3 cc. of papain, and water to 10 cc. After 24 hours, 
24 per cent of the acid had been precipitated as monoanilide. 
The precipitate had increased to a total corresponding to 37 per 
cent of the theory after 48 hours. The anilide was recrystallized 
from a methanol-water mixture, 1:1, and was dried at 78° over 
P.O; in vacuo. M.p., 232-233°. 


CeeHesOsN 3. Calculated. C 64.2, H 6.1, N 10.2 
411.4 Found. ** 64.0, ** 6.1, ‘* 10.4 
la} = —118.1° (8% in pyridine) 


In an earlier paper from this laboratory (4) a melting point of 
231° and [a]*” = —113.9° were reported for a preparation of this 
anilide which was obtained in a different manner. 

In an analogous experiment carried out with acetyl-l-phenyl- 
alanyl-l-glutamic acid, 24 per cent of anilide was formed in the 
course of 23 hours, and 41 per cent after 24 hours. 

Acetyldehydrophenylalanyl-l-Proline—To a solution of 23 gn. 
of proline in 333 cc. of 0.6 n NaOH there were added 37.4 gm. of 
acetaminocinnamic acid azlactone and 160 cc. of acetone. The 
mixture was shaken until the azlactone was dissolved, and then 
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allowed to stand for 3 more hours. Then 200 cc. of Nn HCl were 
added, and the acetone was removed by evaporation in vacuo. 
The acetyldehydrophenylalanylproline crystallized during the 
evaporation and was filtered at 0°. Recrystallization from 40 
ec. of alcohol by addition of water gave 34 gm. of plates melting 
at 140-142°. For analysis, a sample was recrystallized from 
water and dried at 78° in vacuo over P,O;. 


CyeHisO.No-$H.20. Calculated. C 61.7, H 6.15, N 9.0 
311.3 Found. "Ga," as “Be 


Two Stereoisomeric Forms of Acetylphenylalanyl-l-Proline—25 
gm. of acetyldehydrophenylalanyl-l-proline were dissolved in a 
mixture of 150 cc. of methanol and 5 ec. of glacial acetic acid. 
After hydrogenation in the presence of palladium black, the fil- 
tered solution was evaporated to dryness. The resulting oily 
material was dissolved in a mixture of 25 cc. of methanol and 75 
ec. of ether, and allowed to stand at 0°. After several days 5.6 
gm. of crystalline material had separated. This isomer (Form 1) 
was recrystallized from 10 per cent methanol, yielding short rods 
that melted at 174-175°. The substance dried at 78° over P.O; 
still contained 1 mole of water. 

CysHoeO.N2-H2O. Calculated. C 59.6, H 6.9, N 8.7 


322.3 Found. *_-. an” ae 
la]> = —35.3° (10% in methanol) 


Recrystallized from absolute alcohol, cubes melting at 142° and 
containing 4 molecule of alcohol were obtained. 

The methanol-ether mother liquor from the above crystalliza- 
tion of Form I was evaporated to dryness and allowed to stand 
in the cold room with added ether, yielding 13.0 gm. of érystals. 
This material was recrystallized from absolute alcohol and from 
water, yielding 5.4 gm. of Form II as prismatic rods, m.p. 186- 
187°. 

CysHapOiNe. Caleulated. C 63.1, H 6.6, N 9.2 


304.3 Found. “6, * 64: *: R32 
la]> = —72.7° (10% in methanol) 
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During the course of experiments (to be published) corre- 
lating the effect of hydrogen peroxide on the respiratory metab- 
olism with its effect upon the inherent £.M.F. of frog skin, it be- 
came apparent that the technique of addition of peroxide to the 
(Warburg) manometer vessel from the side bulb was unsuited 
to the accurate determination of the relation of respiratory rate 
to peroxide concentration. Addition from the side bulb pro- 
duced a reaction whose velocity varied continuously until dis- 
appearance of the peroxide; the entire reaction was completed 
in 5 to 10 minutes; and the amount of peroxide which could be 
added was sharply limited by the tendency of the skin to de- 
compose it. The obvious advantages of an apparatus which 
would permit the addition of peroxide at a constant rate over a 
relatively long time period led to the construction of the ma- 
nometer vessel and injection assembly described below. 

The apparatus is diagrammed in Fig. 1 in which J is the face 
view and I] the side view; III is a bettom view of the manom- 
eter flask.! The latter is a standard Warburg flask of about 
18 ce. capacity with a capillary tube, Q, issuing from the bottom 
at an angle of about 135° with the side bulb, R, so that it may be 
coupled without strain to the injection pipette by means of the 
thick walled rubber tube, 0. The 3-way stop-cock, B, connects 
the graduated 1 cc. pipette, D, to the air or to the manometer 
flask, P. The pipette is filled and discharged by means of the 
1.5 ec. syringe, F; the volume delivered is read from the position 


* Aided by a grant from the Rockefeller Foundation for research in 
cellular physiology. 
' These flasks were made for us by the American Instrument Company. 
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Fie. 1. Injection manometer assembly 


of the mercury, #. The pipette is actuated by the kymograph, 
N, whose low speed gear rotates the metal shaft, M, bearing a 
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heavy rubber tube, Z, which has a nut, K, seated in the upper 
end. The nut exerts an upward thrust on the bolt, J, which has 
a pitch of about 10 turns perem. The bolt head, J, is squared 
to fit the metal guide, H. The thrust is communicated to the 
piston of the syringe by the glass rod, G. The support board, 
C, is held to the shaker mechanism (rocking type) by the slotted 
metal plate, S. The slots are in the same vertical line as the 
injection assembly and the center of oscillation lies at the lower 
end of the guide, H. With the kymograph properly aligned 
shaking produces no oscillation in the mercury column. The 
left-hand side of the support board is grooved to hold a standard 
Warburg manometer, A. 

Since the fluid volume in the manometer vessel changes con- 
tinuously during an experiment, the manometer constant must 
be known for various fluid volumes. The constants are obtained 
by the standard formula? and plotted against Vy. From the 
plot the average constant for any time interval may be ascer- 
tained when the fluid volumes at the beginning and end of the 
interval are known. 

In use the apparatus is made to inject 1 cc. of solution into 
the flask at a constant rate over a period of 1 hour. By control- 
ling the concentration of the material injected and the speed of 
the kymograph, both the amount delivered and the time of 
delivery may be varied within wide limits. The flask is prepared 
in the usual manner with an initial fluid volume of 2.4 cc., at- 
tached to the manometer, and the appropriate gas mixture 
passed through. The manometer is then placed on the board 
and connected to the pipette system which has meanwhile been 
filled. The rubber tube, O, is pushed down on the capillary, Q, 
to a predetermined mark at which it is neither stretched nor 
compressed. This avoids torque on the capillary and prevents 
slipping of the rubber tube. The volume displaced by the end 
of the capillary tube is just sufficient to drive the solution to the 
floor of the manometer vessel. Care must be exercised in fill- 
ing the pipette and in attaching the tubes to see that no gas 
bubbles are trapped in the rubber tubing, for if caught at either 
glass orifice they may undergo a volume change during the ex- 


2 Dixon, M., Manometric methods, Cambridge (1934). 
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periment which will produce a serious discrepancy between the 
pipette and the manometer readings. The manometer is then 
placed in the water bath, equilibrated, a preliminary control 
run made, the effect of the injection followed, and a final con- 
trol run made when the injection is finished. 

A high degree of accuracy is obtained in the operation of the 
apparatus. Calibrations of the pipette made by injecting dis- 
tilled water into the manometer vessel and following the volume 
change in the manometer can be repeated within the limits of 
accuracy of reading of the pipette and manometer scales. A 
steady rate of reaction is reached within a few minutes after the 
injection is begun. The rate is maintained over an adequate time 
period, permitting the study of reaction velocities without the 
complication of rapidly shifting concentrations, an end which 
cannot be attained by the technique of addition of materials from 
a manometer side bulb. This offers distinct advantages for the 
study of the influence on tissue or cell metabolism of metabolites 
or other materials which are consumed or decomposed. It seems 
also well adapted to use with enzyme preparations for which 
information could frequently be more readily gained from the 
study of steady state conditions than from the analysis of reac- 
tion velocitv curves. 








THE SPECTROPHOTOMETRIC DETERMINATION OF 
VITAMINS D, AND D,;* 


By CYRIL H. NIELD, WALTER C. RUSSELL, anp A. ZIMMERLI 


(From the Department of Agricultural Biochemistry, New Jersey Agriculiural 
Experiment Station and Rutgers University, New Brunswick) 


(Received for publication, July 10, 1940) 


Many color reactions have been reported for vitamin D, but 
few (1-5) have been developed for the quantitative determi- 
nation of this factor. Of the colorimetric methods which had been 
reported at the time this investigation was begun, the Brockmann- 
Chen (4) method, which depends on the formation of a yellow 
color by reaction of the vitamin with a chloroform solution of 
antimony trichloride, appeared to be the most promising. Al- 
though the preparation of an antimony trichloride reagent for 
the determination of vitamin A involves few difficulties, great 
care must be taken in its preparation when it is to be used for the 
determination of vitamin D. Brockmann and Chen (4), Wolff 
(6), Emmerie and van Eekelen (7), and Ritsert (8) state that the 
reagent is unstable, its sensitivity changing with time, and that 
it must be free from alcohol and moisture. Ritsert has found the 
method exceedingly delicate and claims that reliable results can 
be obtained by the investigator only after long experience in the 
preparation and use of the reagent. He reports, furthermore, that 
difficulty is experienced in preparing reagents of identical sensi- 
tivity and that the sensitivity must be redetermined periodically 
because of the instability of the reagent. Our experience with 
this reagent fully substantiated Ritsert’s claims, and consequently 
a study of the reaction between antimony trichloride and vitamin 
D was undertaken in this laboratory with the purpose of develop- 
ing a method that would give easily reproducible results. 

It was thought that the variation in sensitivity might be due to 
decomposition of the reagent with the formation of acid. It 


* Journal series paper of the New Jersey Agricultural Experiment Sta- 
tion, Department of Agricultural Biochemistry. 
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was found that saturating the antimony trichloride solution with 
dry hydrogen chloride increased the sensitivity, but the resulting 
reagent was extremely hygroscopic and difficult to handle. Addi- 
tion of acetic anhydride eliminated this difficulty but it was effec- 
tive only over narrow limits of concentration. 

Substitution of acetyl chloride for the hydrogen chloride and 
acetic anhydride eliminated the above disadvantages and pro- 
duced a reagent which had all the favorable features of the reagent 
proposed by Brockmann and Chen, exhibited none of its incon- 
sistencies, and was 3 times as sensitive. No difficulty was ex- 
perienced in reproducing reagents of identical properties. The 
reagent may be used $ hour after preparation and is stable for at 
least 9 weeks. Consequently no periodic control is necessary. 
A method has been developed with this reagent by means of 
which it is possible to determine 0.2 y of vitamin D, or Ds. 

EXPERIMENTAL 

Preparation of Reagent—Merck’s reagent chloroform was washed 
seven times with equal portions of distilled water. The chloro- 
form was shaken with an excess of phosphorus pentoxide and 
then run rapidly through filter paper. The chloroform was 
fractionated and the first cloudy portion and the last 10 per cent 
were discarded. Then 15 to 22 gm. of Merck’s reagent antimony 
trichloride were dissolved in 100 ml. of purified chloroform and the 
mixture warmed to 35-45° to effect rapid solution of the salt. 
The solution was filtered, and to every 100 ml. of the filtrate 2.0 
ml. of Merck’s redistilled acetyl chloride were added. 

Spectrophotometric Procedure—Solutions of crystalline vitamins 
D, and Ds; in Merck’s reagent chloroform were used in these 
studies.' 0.10 to 1.00 ml. of the test solution containing 2 to 20 
y of vitamin was run from a microburette into a glass-stoppered 
graduated cylinder, containing enough reagent to make a total 
volume of 25.00 ml. The optical density of the solution at 500 
my was determined within 4 minutes in a Bausch and Lomb 
universal spectrophotometer. The standard cell of the instrument 
has a capacity of slightly over 23.0 ml.; thus an excess of 2.00 ml. 
is left for convenience in filling the cell. 

In another series of experiments an absorption cell of approxi- 


1 Crystalline vitamins D, and D, were generously donated by the Win- 
throp Chemical Company, Inc., Rensselaer, New York. 
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mately 2.3 ml. capacity was used. It was made by cementing a 
piece of small bore glass tubing into a 10 cm. polariscope tube. 
The use of this cell did not impair the accuracy of the method and 
it permitted the determination of as little as 0.2 y of vitamin D. 

The yellowish pink-colored compound produced by the reagent 
with vitamin D, or D; absorbs none of the incident light at 550 
my and shows maximum absorption at 500 my (Fig. 1). This 
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Fie. 1. Absorption curve of the color produced by vitamins D; and D, 


with the reagent. The solutions contained 8 y of vitamin in a total volume 
of 25 ml. 


fact was utilized in determining the optical density of the test 
solution. The blank cell was eliminated, and the optical density 
was determined at 500 and 550 my. The difference between the 
two densities represented the absorption due to the reaction prod- 
uct of the vitamin with the reagent. This eliminated errors 
which might have arisen from differences in general absorption by 
the blank cell and that containing the test solution. 

Absorption Characteristics of Colored Solution—The yellowish 
pink color reaches its maximum intensity within 30 seconds and 
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is stable for from 4 to 5 minutes. The average of several readings 
taken during this period gives an accurate determination of the 
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TIME IN MINUTES 
Fie. 2. Time curve of the change of absorption at 500 my of the color 
produced by the reagent with vitamin D,. The solution contained 8 4 
of vitamin in a total volume of 25 ml. 
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Fig. 3. Relationship between absorption at 500 mu and the vitamin 
concentration. 


optical density. The color fades slowly, so that after 10 minutes 
it has lost 7 to 10 per cent of its initial intensity (Fig. 2). 
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The E}%,. values for crystalline vitamins D2 and Ds, calculated 
from the density readings at 500 my for 8 y of vitamin D in a 25 
ml. volume (Fig. 1), are of the same magnitude, approximately 
1800. Fig. 3 shows that the optical density of the colored solu- 
tion is proportional to the vitamin concentration. Included in 
Fig. 3 are three points determined with the small cell of 2.3 ml. 
capacity, which has been described previously. 
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CONCENTRATION OF ACETYL CHLORIDE IN & 


Fic. 4. The effect of acetyl chloride concentration on the sensitivity of 
the reagent. Points between 0 and 1 per cent were not determined. The 
solution contained 8 y of vitamin D; in a 25 ml. volume. 


Effective Range of Acetyl Chloride Concentration—The limits of 
acetyl chloride concentration that will yield a reagent of optimum 
sensitivity are conveniently wide. Fig. 4 shows that reagents 
containing 1 to 4 per cent acetyl chloride possess the same sensi- 
tivity, whereas 6 per cent acetyl chloride diminishes the sensi- 
tivity approximately 10 per cent below the optimum, and this 
concentration is consequently too high. 
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Effect of Antimony Trichloride Concentration—The concentra- 
tion of the antimony trichloride may be varied to a considerable 
extent without effecting any change in the quality of the reagent. 
The sensitivity remained essentially constant when the antimony 
trichloride concentration was varied between 15 and 30 gm. of 
the salt per 100 ml. of chloroform (Table I). When 10 gm. per 
100 ml. of chloroform were used, the sensitivity of the reagent was 
appreciably below optimum and the coloration faded faster than 
usual, but after standing 1 week the reagent exhibited optimum 
sensitivity. A concentration of 22 gm. of salt per 100 ml. of 
chloroform was used in these investigations. 

Effect of Alcohol—Ethy] alcohol in a concentration of 0.3 per 
cent or less does not interfere with the reaction; 0.7 per cent alcohol 


TaBLeE [| 


Effect of Antimony Trichloride Concentration on Extinction Coefficient 
of Vitamin D; 


Antimony trichloride concentration* 











Age of 7 
a sal 20 15 10 7.5 5 
an | mt or ——an _ 
1 | 1841 1800 | 1797 1657 1231 
S 1781 1797 | 1834 | 1800 | 1700 1441 











* The figures refer to the number of gm. of antimony trichloride added 
to 100 ml. of chloroform. 


interferes slightly, whereas 1.4 per cent alcohol markedly lowers 
the sensitivity of the reagent. Merck’s chloroform, which con- 
tains 0.7 per cent ethyl alcohol, cannot be used for the preparation 
of the reagent without the purification described earlier, since its 
use results in a sensitivity 5 to 7 percent below optimum. Indi- 
cations are that this interference is not merely due to the alcohol 
content of the chloroform. 

Attention is now being given to the determination of vitamin 
D in milk, poultry feeds, and other products. 


SUMMARY 





1. A new reagent for the determination of vitamins D, and Ds, 
consisting of a solution of antimony trichloride and acetyl! chloride 
in chloroform, has been described. 
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2. The limits of concentration of antimony trichloride and 
acetyl chloride, within which the sensitivity of the reagent is 
constant, have been determined. 

3. The reagent produces a yellowish pink color with vitamins 
D- and D; which reaches its maximum intensity within 30 seconds 
and is stable for from 4 to 5 minutes. 

4. The absorption curves of the reaction product of the reagent 
with vitamins D, and D; have been determined in a Bausch and 
Lomb spectrophotometer. The two curves are identical, having 
a maximum at 500 mug. 

5. The Et@,. values at 500 my for vitamins D, and D; are 
identical and are approximately 1800, which is about 3 times the 
value given by the reagent proposed by Brockmann and Chen. 

6. The optical density, as determined by the difference in ab- 
sorption at 500 and 550 my, is directly proportional to the vitamin 
concentration. 

7. The lower limit of the amount of vitamin that can be ac- 
curately determined by the method described is approximately 
0.2 y. 
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PHOTOCHEMISTRY OF THE THIAZOLE COMPONENT 
OF VITAMIN B, 


By FRED M. UBER ann FRANK VERBRUGGE 


(From the Biophysical Laboratory of the Department of Physics, University of 
Missouri, Columbia) 
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Photolysis of the pyrimidine component of vitamin B, by ultra- 
violet radiation has been reported in a recent paper by the present 
writers (1). It was shown that inactivation resulted not only 
from the breakdown of the pyrimidine ring structure but also 
from the loss or alteration of those side groups or radicals known 
to be essential for the biological functioning of the vitamin. 
Nevertheless, only 1 quantum out of more than 50 was found to 
be effective in bringing about inactivation. With the thiazole 
component an analogous quantitative analysis can be made ac- 
cording to the same method, for it has been shown (2, 3) that the 
fungus, Phycomyces blakesleeanus, can develop quite as efficiently 
when administered equimolecular quantities of the two com- 
ponents of vitamin B,; as when given the thiamine itself, and hence 
an assay for either component can be carried out when the con- 
centration of the other is known. In the case of the “thiazole” 
molecule, it is clear from the work of both Robbins and Kavanagh 
(4) and Bonner and Erickson (3) that inactivation may mean 
either some change in the hydrogen of the 2 position or in the 5- 
hydroxyethyl group rather than a breakdown of the ring itself, 
as each of the two groups mentioned has been shown to be es- 
sential for growth. Since decomposition of the ring structure is 
reflected in the loss of selective absorption, these two types of 
photochemical inactivation may be distinguished experimentally. 


EXPERIMENTAL 


A sample of 4-methyl-5-8-hydroxyethylthiazole, obtained from 
Merck and Company through the courtesy of George W. Lewis, 
81 
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and referred to hereafter as simply ‘“‘thiazole,”” has been used for 
all the reported measurements. Absorption data have been ob- 
tained with a medium Hilger spectrograph and Spekker pho- 
tometer, a tungsten steel spark source, Eastman No. 33 plates, 
and 1 em. absorption cells. The single broad absorption band 
around 2510 A., as shown in the top curve of Fig. 1 for a con- 
centration of 12.5 X 10-* M, is in agreement with the published 
results of Ruehle (5) on the basic cleavage product of vitamin B, 
and related thiazole derivatives. Beer’s law was found to be 
obeyed within the limits of error of the measurements for the 
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Fig. 1. Absorption spectra of the irradiated ‘‘thiazole’’ component of 
vitamin B;. See Table I for values of absorbed energy corresponding to 
the various exposures. 


concentrations upon which the photochemical yields are based. 

In our investigation, each liter of nutrient solution contained 
100 gm. of dextrose (cerelose), 4.0 gm. of l-asparagine, 1.5 gm. 
of KH2PO,, and 0.5 gm. of MgSO,-7H,O in redistilled water, 
together with 2-methyl-5-ethoxymethyl-6-aminopyrimidine at a 
resultant concentration of 1.0 XK 10-7 m. 

For the control growth curves, the “thiazole”? concentration in 
the nutrient medium was varied from 0.5 X 10-7 m down to zero. 
After 25 cc. of nutrient solution were added to each of ten 125 ce. 
Erlenmeyer flasks and sterilized for 12 minutes at 15 pounds pres- 
sure, each flask was inoculated with 2 drops of a sterile spore 
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suspension from cultures of Phycomyces blakesleeanus, plus strain, 
which had been growing for 10 or more days on potato-dextrose- 
agar slants. The mature cultures in the flasks, having grown for 
10 days in a dark oven at 23-24°, were autoclaved and the mycelial 
mats removed, washed, dried for 24 hours at 95-97°, and weighed. 

The control growth curves showing the average dry weight in 
mg. per culture flask as a function of the “thiazole” concentration 
for two different determinations are shown in Fig. 2. In the con- 
centration range of 0.025 to 0.250 X 10-7 m, the dry weight is 
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Fic. 2. Increase in dry weight of Phycomyces cultures as a function of 
“thiazole” concentration, with “pyrimidine’’ concentration constant at 
1.0 X 10-7 m (two separate trials). 


seen to be roughly proportional to the concentration. At still 
higher concentrations of “thiazole,” the growth became limited 
by the “pyrimidine,” whose concentration was maintained con- 
stant at 10 XX 10-7 m. 

For the photochemical inactivation of the “thiazole,”’ a cylindri- 
cal, fused quartz irradiation cell with plane-parallel faces was 
filled with approximately 5 cc. of a 12.5 X 10-* m solution, buffered 
with KH:POQ, at pH 4.4, and placed at a distance of 10.5 em. from 
a low pressure mercury discharge tube (Hanovia Se-2537), whose 
ultraviolet emission was almost solely the \ 2537 A. line. The 
incident intensity of the radiation was measured with a vacuum 
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type thermopile, and the absorbing layer of solution, thickness 
1.0057 em., was stirred continuously. 

At appropriate intervals during irradiation, a 0.1 cc. sample 
of the solution was withdrawn from the cell, and its “‘thiazole”’ 
concentration determined by a Phycomyces assay based on the 
culture procedure just outlined and on a comparison with the 
control growth curves. For this comparison, the growth for any 
given dose of radiation in the series was computed as a percentage 
of the growth by a non-irradiated control for a concentration of 
0.5 X 10-7 M, made during the same series; a similar calculation 
was made for the control series data plotted in Fig. 2, and the 
comparisons were then made on this percentage basis. This 
procedure seemed justified by the observation that for the con- 
centrations used in the assays, the end-products of irradiation did 
not inhibit the growth of Phycomyces. 


Results 


During ultraviolet irradiation of the 12.5 K 10~° m solution of 
the 4-methyl-5-8-hydroxyethylthiazole, its absorption spectrum 
undergoes the changes shown in Fig. 1, where the extinetion co- 
efficient, K, represents the product of the molecular extinction 
coefficient and the molar concentration. The energy absorbed by 
the active “thiazole’’ solution for the various time intervals indi- 
cated on the curves is given in joules per ce. at the top of Column 
5of Table I. A steady decline in the absorption maximum can be 
noted until finally all selective absorption in this wave-length region 
disappears, thus signifying the decomposition of the unsaturated 
thiazole ring structure. But when the extinction coefficients 
for the inactive decomposition products were plotted as a function 
of wave-length for various times of irradiation, it was found that 
they exhibited selective characteristics. This indicates that in- 
activation has resulted also from alterations in essential radicals 
as well as from a breakdown of the ring structure. The best guess 
would seem to be a change in the hydroxy] radical or the entire 
hydroxyethyl] group. 

Quantum yields for the inactivation of the essential “thiazole” 
have been calculated from the four different irradiation trials 
summarized in TableI. The dry weight in each case is the average 
for ten culture flasks, with the probable errors as indicated. 
Column 4 represents the average in per cent of the incident energy 
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absorbed by the active “thiazole” during the respective irradia- 
tion intervals, while Columns 5 and 6 give the total energy ab- 
sorbed in joules per cc. for various irradiation times and the quanta 
absorbed per molecule of ‘‘thiazole”’ initially present, respectively. 
The last column shows the quantum yield at 2537 A. as determined 
for each interval separately. The average value is seen to be 


TABLE | 
Quantum Yield Data for ‘‘Thiazole’’ Inactivation 





| Total energy absorbed 
Aver age by active pyrimidine in 
Exposure Dry weight Pyrimidine PH F fl 
time of cultures inactivated per Quanta per | d 
. Joules —- 
interval per ce. | ori, ~ 4 | 
(1) (2) (3) (4) ® | © | @ 
min, mg. per flask per cent per cent 
0 125.4 + 1.9 00.0 0.000 | 0.00 | 
10 77.2+41.1 50.0 53.3 0.079 | 1.35 | 0.370 
20 46.0+1.0 | 72.0 31.2 0.125 | 2.13 | 0.338 
30 19.5404 | 89.0 17.2 | 0.151 | 2.57 | 0.346 
O | 125.241.3 00.0 0.000 | 0.00 | 
10 69.44+1.1 | §4.2 51.8 0.083 1.41 | 0.384 
20 37.3 + 0.9 77.5 27.5 0.127 | 2.16 0.359 
30 19.0403 | 91.5 14.0 | 0.149 | 2.54 | 0.360 
0 | 125.241.3 00.0 | - 0.000 | 0.00 
11 65.0+0.7 | 57.5 | 50.8 | 0.089 | 1.52 0.378 
20 44.241.3 72.4 | 28.7 | 0.131 | 2.22 | 0.326 
30 | 2.2404 | 90.0 | 16.8 | 0.158 | 2.68 | 0.336 
0 121.841.0 | 00.0 | 0.000 | 0.00 | 
5 97.24+1.1 | 28.0 | 60.1 | 0.048 | 0.82 | 0.342 
15 59.7+1.1 | 60.0 42.4 | 0.116 | 1.96 | 0.306 
30 21.1+0.8 | 89.5 21.5 0.167 | 2.84 | 0.315 
Average. | 0.347 


0.347, which means that on the average only 1 molecule is in- 
activated for every 3 quanta absorbed. This may be compared 
with the value of 0.0184 obtained earlier (1) for the effect of ultra- 
violet radiation upon the vitamin B, component containing the 
pyrimidine ring. Thus the relative ease with which these two 
thiamine components are broken down in metabolic processes is 
reflected in the relative quantum yields for photochemical in- 
activation. 
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The above quantum yield has been calculated on the assumption 
that all the ultraviolet radiation from the low pressure mercury 
discharge tube consists of the single wave-length 2537 A. As 
these tubes are known to radiate a few per cent of their energy at 
\ 1849 A., where the quantum yield might conceivably be much 
higher, a check with monochromatic radiation seemed very de- 
sirable. An orientation experiment of this kind was performed 
at \ 2537 A. with a water-cooled mercury are and monochromator, 
but the same yield value was obtained within the limits of experi- 
mental error. With the yield so nearly unity, this agreement was 
anticipated. 


SUMMARY 


The photochemical decomposition at \ 2537 A. of the “thiazole” 
component (4-methyl-5-8-hydroxyethylthiazole) of vitamin B,has 
been demonstrated by its loss of selective absorption and its in- 
ability to support the growth of Phycomyces cultures. 

The quantum yield for inactivation, when inactivation results 
from changes in side groups as well as from a breakdown of the 
ring structure, has been found to be 0.347. The corresponding 
value previously found for the pyrimidine component was 0.0184. 
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In a report recently published it was shown that in rats the 
deposition of glycogen in the liver is accompanied by such amounts 
of water, potassium, phosphate, and chloride that the concentra- 
tion of each of these substances in the liver remains unchanged, 
while the protein and the acid-insoluble phosphorus become 
diluted to the extent that would be expected if the original absolute 
amounts of these substances remained unchanged by the addition 
of glycogen, water, etc. (Fenn, 1939). This conclusion was not 
inconsistent with anything in the literature except the experi- 
ments of Kaplan and Chaikoff (1936) who concluded that in dogs 
the glycogen was deposited in the liver without measurable 
amounts of water. 

In order to study this problem further another series of measure- 
ments was undertaken with cats in which the liver was analyzed 
for water, glycogen, protein, total lipid, chloride, and potassium. 
The animals were fasted or fed plentifully with carbohydrate or 
treated with phlorhizin in order to vary the glycogen concentration 
as widely as possible. The results were analyzed graphically and 
by the method of multiple correlation and were found to confirm 
in principle the results found on rats. The data of Kaplan and 
Chaikoff (1936) were analyzed also by the same methods, and it 
can now be shown that their data also are subject to the same in- 
terpretation, and the reasons why the glycogen appeared to be 
laid down without water have now become clear. 

We are much indebted to Dr. Kaplan and Dr. Chaikoff for 
kindly sending us their complete data and for the courtesy of their 
correspondence on the subject, as a result of which we seem to be 
now in essential agreement. 

87 

















Glycogen Deposition in Liver 


Methods 


The cats used in this investigation were taken at random from 
the animal house and probably had very dissimilar dietary his- 
tories. They were anesthetized with an intraperitoneal injection 
of “dial,’’ 0.65 ec. per kilo. Small liver samples of approximately 
0.5 gm. were taken in duplicate from the left medial lobe, blotted 
on filter paper to remove as much blood as possible, weighed 
quickly on a torsion balance, and used for the various analyses 
as described below. Blood samples for plasma chloride analyses 
were taken from the carotid artery at the end of the sampling 
procedure which was completed in 8 to 10 minutes. 

Glycogen—-Because of the rapid breakdown of liver glycogen, 
livers were routinely sampled first for glycogen. These samples 
were dropped into tared tubes containing hot 40 per cent KOH. 
Analyses were carried out according to the methods of Good, 
Kramer, and Somogyi (1933) and Cori and Cori (1933). 

Chloride—Chlorides were determined according to the method 
described by Manery and Hastings (1939). 

Water and Potassium—Water content was determined directly 
by drying tissue samples in tared weighing bottles to constant 
weight at 95-100°. The dried samples were subsequently ana- 
lyzed for potassium by the Shohl and Bennett (1928) method as 
modified by Fenn and Cobb (1936). 

Protein—Wet tissue samples were analyzed for total nitrogen by 
the Kjeldahl procedure and converted to protein by the factor 6.25. 

Total Lipid—A gravimetric method was used for determination 
of total liver lipid (cholesterol, cholesterol ester, phospholipid, and 
neutral fat). In principle it was like that described by Kaplan 
and Chaikoff (1935), but was modified by us to make it applicable 
to small amounts of tissue (0.5 to 1.0 gm.). Liver samples (of 
approximately 500 mg.) were weighed on a torsion balance, 
dropped into beakers containing 95 per cent alcohol and sand 
(washed in alcohol and ether), and ground to a pulp. These 
samples were extracted three times with hot alcohol and twice 
with ethy] ether, being decanted through a filter previously washed 
in alcohol and ether. The alcohol-ether extracts were pooled, 
evaporated to approximately 1 to 2 cc., and further extracted with 
six 5 ec. portions of petroleum ether which were decanted into 
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tared containers. The gain in weight after the petroleum ether 
had been carefully evaporated off represented the total lipid ex- 
tracted from the tissue. 

TABLE | 
Analyses of Cat Livers after Various Treatments 

















Gat Weight | Treatment | geight | gen” | Protein | her (Chloride K | HO 

kg. gm. leer bh per cent | per cent | a Im Pe per cent 
1 | 3.3 | Sugar* | 82.6 | 8.25 | 16.44 | 4.61 | 32.08 | 80.6 | 71.2 
2 | 2.8 | Sugar 74.2 | 9.67 | 16.70 | 5.88 | 30.92 | 7.2 | 68.6 
3 | 2.5 - 75.2 | 8.66 | 16.77 | | 38.62 | 81.9 | 69.6 
4 | 3.3 Normal | 99.3 | 4.66 | 18.85) 6.52 | 42.4 | 73.9 | 71.4 
5 | 2.4 ‘ 2.69 | 17.44 | 13.9 | 40.68 | 79.4 | 65.0 
6 | 2.1 “ 5.83 | 18.51 | 14.3 | 27.63 | 72.4 | 62.4 
7 2.8 | Sugar* 104.4 |12.70 | 12.56 | 8.59 | 34.52 | 78.8 | 65.3 
8 2.5 | Fasting | 49.2 | 4.05 | 19.12 | 5.52 | 39.9 | 80.4 | 71.2 
9 | 3.5 67.3 | 2.74 | 20.32 | 5.57 | 43.17 | 73.1 | 71.95 
10 | 2.1 " 34.4 | 3.62 | 19.40 | 5.66 | 36.68 | 78.0 | 71.88 
ll | 3.8 “ 60.3 | 2.16 | 22.40 | 5.24 | 37.8 | 77.5 | 70.8 
12} 2.6) Sugar | 60.38) 6.07 | 18.26 | 4.74 | 36.7 | 87.5 | 71.0 
13 | 2.7 . 75.7 | 1.75 | 20.10 | 4.73 | 30.88 | 92.3 | 73.2 
4i29) « 99.7 | 9.45 | 16.50| 6.91 | 32.7 | 86.5 | 66.05 
15 | 3.4 | Sugar* | 98.5 |12.64 | 14.34) 5.76 | 31.5 | 85.0 | 66.95 
16 " 60.98} 6.28 | 19.36 | 5.50 | 39.2 | 82.9 | 69.3 
17 3.5 | Sugar — | 79.99) 9.17 | 14.78 | 14.33 | 33.4 | 77.7 | 62.8 
18 | 3.4 | Fastingt | 83.1 | 1.53 | 21.54) 7.75 | 33.42 | 79.3 | 70.45 
19 | 3.4 “y 65.3 | 0.075) 21.35 | 6.42 | 29.2 | 82.3 | 72.85 
20 | 4.4 “{ 121.1 | 0.125] 21.50 | 4.23 | 43.6 | 77.6 | 72.6 














Normal animals were taken from stock. Fasted animals were without 
food but not without water for 2 to 3 days previous to sampling. Animals 
given sugar were previously fasted for 1 to 2 days, except those indicated 
(*), which had their regular diet. Sugar was given where indicated as a 
50 per cent sucrose solution by stomach tube, usually 25 ml. at a time. 
This was repeated two to six times at intervals. 

+t Three subcutaneous injections of 1.3 ec. each of 1:1000 adrenalin at 3 
hour intervals previous to sampling. 

t Injected subcutaneously with 0.5 gm. of phlorhizin in 5 ml. of olive 
oil on the Ist and 2nd days of a 3 day fast. 


Results 


The results of all our analyses on twenty livers are included in 
Table I. The livers are numbered in the order in which they were 
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analyzed without regard to the variations in the treatment. We 
have included in Table I only the raw data, omitting the in- 
numerable calculations of various sorts which have been made 
from them. There is little that can be made out from a super- 
ficial examination of the figures in Table I except that the glycogen 
does not fall to very low values even during fasting. It was neces- 
sary to resort to repeated injections of adrenalin or injections of 
phlorhizin in order to obtain livers with very low glycogen con- 
tents. Rats, on the other hand, soon consume the carbohydrate 
in their livers almost completely in fasting. 

Calculations—In consideration of our previous results with rats 
and as a result of preliminary graphic analyses of the data it ap- 
peared probable that the water content of the liver depended 
upon the quantities of glycogen, lipid, and protein, the réle of the 
lipid being chiefly that of an inert diluent. Therefore for pur- 
poses of analysis it was assumed that the water content of any 
100 gm. of fresh liver was given by the following equation 


W=hG+hL+khP+d (1) 


where W,G,L,and P are the observed contents in water, glycogen, 
lipid, and protein respectively, all expressed in gm. per 100 gm. of 
liver. The difference between the observed and the calculated 
water content is d, while k,, k:, and k; are coefficients. The 
mathematical problem is to determine the values of these three 
constants (all the data on the twenty livers analyzed are used) 
which will make the sum of squared differences, d*, smallest; that 
is, to obtain the usual least squares fit of calculated water contents 
to the observed.' This may be done as follows: 


Dd? = {DW — RG — hRL — k¥P} (2) 
For this sum to be least, its partial derivatives with respect to 
k;, ke, ks must each be equal to 0. 


9 , 
ae = —22WG — kh2=G@ — k=GL — ks=GP| = 0 (3) 
1 








1 We are much indebted to Dr. Donald R. Charles of the Department of 
Biology for introducing us to this method and advising us concerning its 
application. 


On page 90, Equation 2, Vol. 136, No. 1, October, 1940, read 
“IP = S[(W — hG — kL — kyPl*” for “Sd = [SW — kG — ke=L — ky=P}*.” 
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az? 


= —2[2WL — ki2GL — k.2L* — kYPL) = 0 (4) 

2 

i) 

=e = —2/2WP — ki=GP — kSLP — k,=P*] = 0 (5) 
3 


From these equations the following was calculated to give the best 
fit to the observed data for the particular relationship assumed. 


W = 1.684 — 0.19L + 3.35P (6) 


The standard errors of these constants have also been calculated 
according to the method described by Whittaker and Robinson 
(1929) with the following results, k; = 1.63 + 0.303, & =0.19 + 
0.375, ks = 3.35 + 0.107. It is evident that the coefficient for lipid 
does not differ significantly from 0, and it is therefore not incon- 
sistent with the data to conclude that lipid is laid down without 
water. For the glycogen, however, there is considerably less than 
one chance in a thousand that glycogen is not deposited with 
water. 

Assuming that the lipid is dry and that k, = 0, the best fit 
to the data is obtained by the equation 


W = 1.57G + 3.29P (7) 


as calculated by the multiple correlation method. These con- 
stants will be used in the graphical presentation of our data in 
order to avoid making an unjustified correction for lipid water. 

Through the courtesy of Dr. Kaplan and Dr. Chaikoff we have 
been provided with all the figures for protein, lipid, glycogen, and 
water which they obtained on the livers of the thirty-eight dogs of 
their series. We have analyzed these data by the method out- 
lined above and arrived at the following equation, 


W = 1.464 + 0.125L + 3.57P (8) 


The standard errors of these constants were found to be ki = 
1.46 + 0.209, ke = 0.125 + 0.03, and ks = 3.57 + 0.107. In this 
ease all the constants are significantly different from 0. It is 
reasonable that the constant for lipids should be more reliable 
in these data from dogs than in our cat series because in the former 
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the lipid values varied from 3 to 65 per cent, whereas in the cats 
the extreme variation was only from 6 to 14 per cent. 

From these figures it is evident that the data of Kaplan and 
Chaikoff as originally published were misinterpreted. They are 
in fact entirely consistent with our findings on both cats and rats. 
The reason why a superficial analysis indicated the deposition of 
glycogen without water is probably due to the large amounts of 
lipid which were present. Livers high in fat are in general low in 
glycogen. If even a small amount of water is included with the 
fat, the loss of water due to removal of glycogen would be ob- 
scured. 

Graphical Representation—In order to show visually how well 
these equations fit the observed data we present a series of graphs 
from our data on cats and from the data of Kaplan and Chaikoff 
on dogs. In Fig. 1 from our data the water is plotted against the 
glycogen, both being calculated in per cent of the weight of lipid- 
free and glycogen-free liver. Under these conditions any water 
associated with the glycogen serves to increase the calculated 
water percentage as glycogen increases. If water is proportional 
only to the protein, then the water content should be constant and 
the points should fall along the line marked “dry.” Instead they 
fall along the line which represents the theoretical curve given by 
Equation 7, calculated from the method of multiple correlation. 
The two equations from which this “theoretical’’ line is derived 
are given in Fig. 1. If P is eliminated by combining the first two 
of these equations, we have the last equation which represents the 
“theoretical” line of Fig. 1. 

According to the first of the equations in Fig. 1 the weight of the 
lipid-free and glycogen-free liver is considered to be due only to 
water plus protein. Strictly a third term for “undetermined sub- 
stances,”’ ash, etc., should be included, but in our data the total 
weight of the liver is on the average exactly accounted for by the 
protein, glycogen, lipid, and water, so that the data fit the theory 
equally well without including this small additional term. (If in- 
cluded, it merely shifts the “theoretical’’ line down 1 per cent if 
the undetermined substances are estimated at 1 per cent, etc.) 
The reason why our total is too high by this small amount pre- 
sumably depends chiefly upon our use of the total nitrogen as a 
measure of the protein. It depends in part also upon our use of 
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Fic. 1. Water and glycogen in per cent of lipid-free and glycogen-free 
livers. Data from cat livers. 
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Fig. 2. Non-lipid water and glycogen in per cent of 100 gm. of liver after 
glycogen, lipid, and lipid water (0.125 gm. of H,O per gm. of lipid) are de- 
ducted. Data of Kaplan and Chaikoff. 
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total reducing substances instead of fermentable reducing sub- 
stances as a measure of glycogen. Neither of these minor correc- 
tions would change the interpretation of the data significantly. 

For comparison with Fig. 1 from our data on cats, Fig. 2 may 
now be presented from the data of Kaplan and Chaikoff on dogs. 
The abscissae and ordinates are the same (as in Fig. 1), but in this 
case the water represents only the non-lipid water and the unit of 
liver taken as 100 per cent represents the total liver minus lipid, 
minus glycogen, and minus lipid water which is estimated as 0.125 
of the weight of the lipid. Undetermined substances are also 
included at an estimated value of 3.3 per cent.2, When the lipid 
water is deducted, the remaining water is represented by the 
equation W = 1.46G + 3.57P, as calculated from the multiple 
correlation method. Eliminating P as before, we obtain the 
theoretical equation represented. Again the points fall better 
along the theoretical line than around the line representing dry 
glycogen. 

Next we present Figs. 3 and 4 from our data and from those of 
Kaplan and Chaikoff respectively. Here protein is plotted against 
glycogen, both being calculated in per cent of the weight of liver 
after lipid is deducted (and lipid water). In the case of our data 
it has been assumed that no water was associated with lipid, but 
the fit would not be appreciably different if 0.125 gm. of water per 
gm. of lipid were assumed, as in the case of the data from dogs. 
The addition of glycogen to such a lipid-free liver dilutes the pro- 
tein so that the protein percentage falls as glycogen increases. 
If water is included with the glycogen, the amount of dilution 
for a given amount of glycogen as indicated by the theoretical 
line is greater than it is for dry glycogen. In both graphs the ex- 
perimental points follow the theoretical line rather than the dotted 
line for dry glycogen. The equations involved are given in Figs. 
3 and 4 as before, the last equation in each graph being derived 
from the first two simply by the elimination of W. The last equa- 
tion is the equation to the theoretical line plotted in each figure. 

In Fig. 5 are plotted the potassium contents of the nineteen 
livers against the glycogen. Both are calculated on the basis of 


? This value was selected to give the best fit to the data, but the average 
value from the data was 2.7 per cent, with a variation from 0.9 to 4.5 per 
cent. 
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Fic. 3. Protein and glycogen in cat livers in per cent of lipid-free liver. 
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Fic. 4. Protein and glycogen in dog livers in per cent of liver weight after 
lipid and lipid water (0.125 gm. of H,O per gm. of lipid) are deducted. 
Data of Kaplan and Chaikoff. 
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the lipid-free liver weight. The points have been fitted by the 
best straight line by the method of least squares and the standard 
error of the regression coefficient has been calculated. The equa- 
tion of the line which results is 


K = 84.8 + (0.248 + 0.217)G (9) 


There are nearly nine chances out of ten that this slight upward 
slope is real. 
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Fic. 5. Showing that potassium accompanies the water which is laid 
down with glycogen in the liver. The solid line is fitted to the points by 
the method of least squares. Both potassium and glycogen are calculated 
on the basis of the lipid-free liver. 


Assuming (1) that 1 gm. of glycogen is deposited with 1.63 + 
0.303 gm. of water, (2) that this water is not accompanied by any 
increase in potassium, and (3) that the potassium content at G = 
0 is 84.8 milliequivalents per kilo, the theoretical relation between 
K and G may readily be calculated. This relation is given by the 
equation 

K = 84.8 — (2.23 + 0.257) (10) 
This equation represents the line marked “without potassium” in 


Fig. 5. The difference between the regression coefficients in the 
observed and the theoretical equation is 2.48 + 0.34, a clearly 
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significant difference. This is also evident from the graph (Fig. 
5), since the experimental points show no tendency to decrease as 
the glycogen increases. 

The slight upward slope of the experimental line in Fig. 5, if 
real, is probably due to the decreasing chloride spaces of the livers 
with increasing amounts of glycogen. A larger fraction of such 
livers is, therefore, intracellular and contains potassium. If the 
potassium is calculated in milliequivalents per kilo of cell water 
and if this is plotted against the glycogen (in per cent of liver 
weight minus chloride space and lipid), the potassium concentra- 
tion is practically constant. If a straight line is fitted to the 
points, the equation of the line is 


K = 188 + (0.257 + 0.71)@ (11) 


Since the standard error of the regression coefficient indicates that 
it is not significantly different from 0, it is evident that the con- 
centration of potassium in the cell water remains constant within 
these limits, even though larger amounts of water are added with 
glycogen. 

If the chloride space’ is plotted against the glycogen (Fig. 6) 
(both in per cent of the lipid-free liver), a straight line can be fitted 
to the points by the method of least squares, the equation of the 
line being 


Cl space = 31.2 — (0.372 + 0.203)G (12) 


The standard error of the regression coefficient indicates that there 
is about one chance in thirty that this decrease in chloride space 
in livers high in glycogen is accidental. In rat livers the chloride 
space showed no decrease of this sort, and it was concluded that 
some of the water deposited with glyeogen was extracellular and 
contained chloride in the same concentration as in plasma. In 
the cat livers this is not so certain, partly because of greater 
variability in the chloride figures and partly because of the smaller 
amount of water deposited with glycogen in cats as compared to 
rats. Assuming (1) that 1 gm. of glycogen is deposited with 


* The chloride space was calculated as (liver chloride + plasma chloride) 
x 100 X 0.93 (for plasma water) X 0.96 (Donnan membrane ratio). See 
Truax (1939) for evidence that chloride space and extracellular space are 
synonymous in liver. 
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1.63 + 0.303 gm. of water, (2) that all the water is intracellular 
(without chloride), and (3) that the chloride space is 31.2 per cent 
when G = 0, the theoretical chloride space (dotted line, Fig. 6) 
at different concentrations of glycogen is given by the equation 


Theoretical chloride space = 31.2 — (0.82 + 0.095)G (13) 


The graphs of Equations 12 and 13 are shown in Fig. 6. The 
difference between the experimental points and the theoretical 
line is a measure of the amount of chloride deposited with water 
and glycogen. The difference between the regression coefficients 
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Fic. 6. Showing that some chloride accompanies the water laid down 
with glycogen (solid line), when the points are fitted by the method of least 
squares. Both chloride space and glycogen are calculated on the basis of 
the lipid-free liver. 





of the two equations is 0.45 + 0.22 (standard error). There is, 
therefore, a probability of about 49 to 1 that this difference is real; 
t.e., that some of the water deposited with glycogen is extracellular. 
It is easy to show that the difference means that 0.45 ec. of extra- 
cellular water is deposited with each gm. of glycogen added. 
Since this is only 27 per cent of the total 1.63 ec. of water, while 
41 per cent of the total liver water (when G = 0) is extracellular, 
it is evident that the chloride space will be decreased when glycogen 
is deposited. 

From the chloride figures, therefore, it may be calculated that 
with every gm. of glycogen 1.18 + 0.22 cc. of intracellular water 
are deposited. This water should contain potassium and should 
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serve to increase slightly the potassium content of the liver, as 
illustrated in Fig. 5. To show how well the chloride and potas- 
sium figures agree in this respect it is possible to start with Fig. 5 
or Equation 9 and calculate how much intracellular water is 
needed to explain the potassium figures, assuming in addition 
(1) that 1 gm. of glycogen is accompanied by 1.63 gm. of total 
water, (2) that the concentration of K in the intracellular water 
is 188 milliequivalents per kilo when G = 0 (Equation 11). This 
calculation gives 1.32 + 0.18 cc. of intracellular water per gm. 
of glycogen, as compared to 1.18 + 0.22 ec. from the chloride. 


4, LIVER WEIGHT 
PER CENT ° 








P GLYCOGEN - PER CENT 
2 4 6 8 io 2 14 


Fic. 7. The liver weight, in per cent of the body weight, tends to increase 
with glycogen according to the theory that glycogen plus water is simply 
added to the liver previously present. This theory is represented by 
the line. The glycogen is expressed in gm. per 100 gm. of fresh weight 
of liver. 





Considering the errors involved, this agreement appears satis- 
factory. 

In our data from rats it was found that the increase in liver 
weight which accompanied the deposition of glycogen was closely 
equal to the increase expected if glycogen plus water was added 
to the liver previously present without replacing any part of it. 
In the cats this relation is not so definite, probably because of the 
greater variability of the animals. However, the liver weight in 
per cent of the body weight does increase with increase in glycogen 
content and the correlation coefficient between glycogen content 
and percentage liver weight is +0.79. If we assume as before 
that 1 gm. of glycogen is laid down with 1.63 gm. of water and 
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take 2.1 per cent as the percentage liver weight (L) when G = 0, 
the following equation may be derived, giving the theoretical 
relation between L and G, L = 211/(100 — 2.63G). 

The graph of this equation is plotted in Fig. 7 together with the 
experimental points from Table I. The scatter is large, but there 
seems to be no systematic deviation from the theoretical curve. 
It must be concluded, therefore, that the cat livers on the average 
probably increase in weight in proportion to the added glycogen 
and water without necessary losses of other substances. 

DISCUSSION 

In this paper we have presented a formula from which the 
water content of a cat liver can be calculated if the protein, lipid, 
and glycogen contents are known. Such a formula is, of course, 
only an approximation and considers only the three factors which 
seem to be the most important. Of these the lipid is important 
chiefly because it is large in amount and inert and “dilutes” the 
other constituents. Other substances such as electrolytes bear a 
definite relation to the amount of water present, but it may be 
supposed that their presence is the secondary result of the amount 
of water present, although this, of course, is not certain. 

The main point which seems to be finally settled by these anal- 
yses is that glycogen is definitely associated with appreciable 
amounts of water when it is laid down in the liver. Presumably 
this applies also to the deposition of glycogen in muscles. It is 
not possible to state a universal figure for the amounts of water 
involved. The figures which have been found per gm. of glycogen 
are 2.33 cc. in the rat, 1.63 + 0.303 in the cat, and 1.46 + 0.209 
in the dog. 

Apparently from the data of Kaplan and Chaikoff small amounts 
of water are also associated with the deposition of lipid. This 
presumably does not apply to all the various fractions of the total 
lipid, but there is at present no way of discriminating between 
them in this respect. 


SUMMARY 


The livers of twenty cats were analyzed for protein (P), glycogen 
(G@), total lipid (L), water (W), chloride, and potassium. The 
data were analyzed by the method of multiple correlation, assuming 
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an equation of the type W = kG + kL + kP. The results 
show that the water content of the liver is best accounted for if 1 
gm. of glycogen is deposited with 1.63 + 0.303 gm. of water, 1 
gm. of protein with 3.35 + 0.107 gm. of water, and lipid without 
significant amounts of water. 

A similar analysis of data previously published by Kaplan and 
Chaikoff gave a similar result, indicating the deposition of 1 gm. 
of glycogen with 1.46 + 0.209 gm. of water, 1 gm. of protein with 
3.58 + 0.107 gm. of water, and 1 gm. of lipid with 0.125 + 0.03 
gm. of water. 

Of the 1.63 ec. of water which accompany the glycogen 0.45 + 
0.22 ce. is accompanied by chloride and is therefore probably 
extracellular. The remainder is accompanied by appropriate 
amounts of potassium, for the concentration of potassium in the 
cell water is not diminished by the increase in glycogen. As a 
result of this distribution of water between cells and interspaces 
the deposition of glycogen is accompanied by an appropriate small 
decrease in the chloride content and a corresponding increase in 
potassium content of the whole liver. The total liver weight 
increases as its glycogen content increases, as if water and glyco- 
gen had been added to what was there previously without replacing 
any other constituents. 
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CHEMICAL PROPERTIES OF PURIFIED 
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We wish to describe certain simplifications in the technique 
previously described (13, 14) for the purification of prothrombin 
and thrombin. With new adaptations it is possible to process 
large quantities of plasma and at the same time to obtain products 
2 to 5 times as potent as those previously reported from this 
laboratory. A brief survey of the chemical properties of these 
newly obtained products is also given. 


Preparation of Prothrombin 


Beef plasma is diluted 10-fold with water and brought to pH 
5.3 with 1 per cent acetic acid. The precipitate is redissolved 
and Mg(OH): suspension is added. In our original technique 
(14) the prothrombin adsorbed on the Mg(OH), was set free with 
CO, at atmospheric pressure. Improvement is achieved by using 
CO, at 4 to 6 atmospheres (by shaking in a metal chamber, with 
8 to 10 volumes of water to 1 volume of Mg(OH), paste). Fol- 
lowing this elution, the CO: is allowed to escape, and variable 
amounts of magnesium carbonate settle out. As previously, the 
dissolved salts are then removed by dialysis. The use of increased 
pressure reduces the working volumes at least 90 per cent, and 
this simplifies enormously the procedure of dialysis. 

A second improvement is the isoelectric fractionation of the 
dialyzed prothrombin-containing eluate; this is accomplished in 
two steps (at pH 5.6 and at 5.3). The first fraction (pH 5.6) 


* Aided by a grant from the John and Mary R. Markle Foundation. 
Additional assistance was supplied by the Graduate College, State Uni- 
versity of Iowa. 
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usually contains mainly inert protein, whereas the second fraction 
(pH 5.3) contains much prothrombin of high potency. The latter 
is particularly potent if small amounts of Mg(OH): are used in 
the adsorption process. If, however, a large excess of Mg(OH), is 
used, there will be marked adsorption of inert protein, most of 
which will then appear in the first isoelectric precipitate. This 
voluminous precipitate carries the prothrombin with it, and thus 
defeats the objective of the fractionation. In order to obtain a 
combination of good yield and high purity, one should employ 
intermediate quantities of Mg(OH)s. As an example, 100 ce. 
of crude prothrombin solution, containing 400 units (17) per cc., 
should be treated with approximately 15 ec. of 8 per cent Mg(OH). 
suspension. 


Preparation of Thrombin 


The conversion of prothrombin into thrombin is carried out in a 
solution of 0.9 per cent NaCl containing 0.15 per cent Ca( NOs). 
The concentration of prothrombin can be allowed to vary within 
wide limits, but as a rule the final mixture is made up to contain 
2000 to 7000 units of prothrombin per ce. 

Thromboplastin, derived from lung, is consumed, apparently 
in stoichiometric quantities (9) during the formation of thrombin. 
We make it a practice to use a slight excess over the quantity 
theoretically required. The thromboplastin used is especially 
purified (8) to remove traces of antithrombin which are present 
in crude organ extracts. The pH of the reaction mixture is ad- 
justed to approximately 7.3. It is advisable to add small amounts 
of imidazole buffer (7). 

In such a mixture thrombin formation proceeds rapidly, but 
usually an hour is allowed for the reaction to come to completion. 
In order to eliminate electrolytes and to denature some of the 
protein impurities, the thrombin preparation is now precipitated 
with acetone, dried with acetone and ether, and then redissolved 
in water. An electrolyte-free solution can also be obtained by 
electrodialysis, without the use of acetone. In either case the 
aqueous solution is brought to pH 5.3 to 5.0 with acetic acid. The 
precipitate obtained contains inert protein, together with some 
thrombin carried down by adsorption and coprecipitation. Most 
of the thrombin, in highly purified form, still remains in solution, 
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for, unlike prothrombin, thrombin is highly soluble at this pH 
(see below). The thrombin can be obtained in dried form by 
acetone precipitation, or by distilling off the water at or below room 
temperature. 

With these improvements in technique the potency is usually 
300 units per mg. for prothrombin, and 600 units per mg. for 
thrombin. The most potent products, 520 and 950 units respec- 
tively, are 2 to 5 times as potent as the best previously reported 
from this laboratory (13, 14). The potency of the thrombin is 
such that less than 0.006 y will eventually clot 0.3 cc. of purified 
fibrinogen solution; and 0.2 y can be measured conveniently and 
precisely by our assay technique (17). Normal human plasma 
contains about 325 units of prothrombin per ec.; hence, its poten- 
tial thrombin content is less than 37 mg. per 100 ce. 

Recently Astrup and Darling (1) have reported work on the 
purification of thrombin. Their method is similar to our original 
procedure, except for the omission of the adsorption by Mg(OH)s. 
These workers report having obtained material with a potency of 
10 Mellanby units per mg. 1 Mellanby unit causes clotting of 
1 ec. of oxalated plasma in 30 seconds, whereas | of our units clots 
1 ce. of purified fibrinogen solution in 15 seconds. The inhibiting 
action of oxalate and plasma antithrombin compensates almost 
exactly for the difference in the two clotting intervals. The 
two units are, therefore, almost equivalent, and we conclude that 
Astrup and Darling’s thrombin was only slightly more than 1 per 
cent as potent as our 950 unit preparations. 


Properties of Prothrombin and Thrombin 


Solubility—At pH 7.0, prothrombin and thrombin are highly 
soluble, both in water and in 0.9 per cent NaCl. It is possible 
to prepare viscous solutions containing 60 per cent or more of the 
product in question. It is of interest that in aqueous solutions, 
low concentrations of a variety of salts, including those of Ba, 
Ca, Sr, and Al (approximately 0.005 m) cause precipitation of 
prothrombin, but not of thrombin. If the concentration of the 
salt is increased approximately 5-fold, the prothrombin precipitate 
redissolves. 

When an aqueous solution of prothrombin was acidified with 
acetic acid, a precipitate appeared at pH 5.6 (Fig. 1). At pH 3.9 
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the precipitate went completely into solution. In the case of 
thrombin the precipitation range was pH 5.1 to 3.4. These data 
give presumptive evidence that the isoelectric point of thrombin 
is somewhat lower than that of prothrombin. 

These same solutions were studied by titration technique to 
determine how much prothrombin and thrombin actually remained 
in solution at each pH. Prothrombin activity cannot be followed 
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Fig. 1. The solubility of purified prothrombin and of purified thrombin 


at different pH levels. 
Fig. 2. The inactivation of prothrombin and thrombin with acid and 


with alkali. 


below pH 4.7 because of inactivation. However, it is evident 
from the two curves of Fig. 1 that at their respective points of 
minimum solubility thrombin is much more soluble than pro- 
thrombin. This difference in solubility is a fortunate circum- 
stance, because prothrombin is always accompanied by inert 
prothrombin-like materials; and, when thrombin is formed, the 
alteration in solubility and in isoelectric point enables one to 
eliminate much of this inert material. 

Inactivation with Acid and Alkali—Fig. 2 shows the effect of 
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allowing acid and alkali to act for 30 minutes on saline solutions 
of prothrombin and thrombin. In the case of thrombin, inactiva- 
tion began at pH 4.1. At pH 3.5 the inactivation is irreversible 
but in the range pH 3.5 to 4.1 it is reversible. This can be shown 
by allowing the activity to regenerate for several hours at pH 7. 
For example, a solution allowed to stand 30 minutes at pH 3.55 
possessed 55 per cent of its original activity the moment it was 
neutralized. This rose to the 70 per cent level within 2 hours, and 
to 95 per cent in 4 hours. 

In the case of prothrombin, sensitivity to acid is even more 
marked. Fig. 2 shows that inactivation begins at pH 4.8, and is 
complete at about 3.5. The problem of reversibility has not been 
studied as thoroughly as in the case of thrombin. It is of interest 
that both prothrombin and thrombin are inactivated just on the 
acid side of their presumptive isoelectric points. 

Both prothrombin and thrombin show some inactivation beyond 
pH 10, and both show marked inactivation beyond the range of 
pH 11. Fortunately the Mg(OH), used as adsorbent in preparing 
prothrombin has a pH slightly below the beginning of the in- 
activation zone. 

Inactivation by Heating—Heat inactivation studies were made 
by subjecting aqueous solutions of prothrombin and of thrombin, 
at pH 7.2, to various temperatures for 30 minutes (Fig. 3). The 
solutions were then cooled and the thrombin titrated at once 
(Curve A). The prothrombin solutions were mixed with optimal 
quantities of calcium and with an excess of thromboplastin. The 
amount of prothrombin present could then be plotted in terms 
of thrombin developed (Curve B). Curves A and B show that 
there was some inactivation of both prothrombin and thrombin 
at 40°, and at 60° the inactivation was almost complete. 

Efforts to restore the activity of the prothrombin were unsuc- 
cessful when the product had been heated to 60° or more; but in 
the range of 40-60° some additional activity could be regenerated 
by allowing the heated prothrombin to react with calcium and 
thromboplastin for 30 minutes instead of the usual 10 (see Curve 
C). Within the zone of 40-60° part or all of the prothrombin is 
evidently made more sluggish in its reactivity to calcium and 
thromboplastin. These results correspond rather well with ones 
reported by Mellanby (5). His inactivation temperatures were 
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higher, because in his experiments the solutions were allowed to 
stand for only 5 minutes at the various temperatures. 
Dialysis—Neither prothrombin nor thrombin dialyzes through 
the cellulose acetate membranes which we use (Visking casings). 
If thrombin solution (1000 units per cc.) is placed on one side of 
the membrane and plasma on the other, the latter does not clot 
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Fic. 3. Approximately 50 unit saline solutions were heated for 30 
minutes. One series of prothrombin solutions was allowed to react with 
optimal quantities of calcium and an excess of thromboplastin for 10 
minutes (Curve B), and the other series for 30 minutes (Curve C). With 
the concentration of thromboplastin used, 10 minutes are sufficient for the 
complete conversion of unheated prothrombin into thrombin. 


within 2 hours. This differs from the results of Mellanby (6), and 
the discrepancy between his work and ours is probably due to the 
difference in the quality of the membranes used. 

We have undertaken to increase the sensitivity of this test 
by replacing the oxalated plasma with antithrombin-free fibrinogen 
solution. Nevertheless, no clot formed in 2 hours. It was pos- 
sible to show that a solid clot would have formed if 0.01 per cent 
of the thrombin had passed through the membrane. The failure 
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of the thrombin to diffuse shows that it is a large molecule, and the 
analysis reported below indicates that it is a carbohydrate-contain- 
ing protein. 

Chemical Analysis—Elementary analysis, performed by Dr. 
Carl Tiedcke of New York, showed that the per cent composition 
of the thrombin product was N 13.23 (Dumas), C 46.37, H 7.35, 
and ash 3.98. The prothrombin contained N 14.03, C 48.53, 
H 7.31, and ash 2.03. Sulfur was present in both, but no quanti- 
tative determinations were made. 








TABLE | 
Relative Carbohydrate Content of Some Prothrombin and Thrombin 
Preparations 
Preparation | Activity permg. N (Carbohydrate content* 
units per cent 
Prothrombin 147 1100 3.8 
Thrombin 147 4700 5.2 
Prothrombin 77 1982 4.7 
Thrombin 77 4600 } 5.1 
Prothrombin 155. . 3620 4.3 
Thrombin 155 eh 3210 6.2 





uth eee & eS 2 | 


* Carbohydrate was estimated by the method of Tillmans and Phillipi 
(16) as modified by Sérensen and Haugaard (15). The standard was com- 
posed of equal quantities of galactose and mannose, and comparisons were 
made in a colorimeter (12). Glucosamine does not give the color reaction. 
For that reason these figures may be as much as 35 per cent too low. 


The carbohydrate content of the preparations is rather high 
(Table I), and this helps to account for the fact that the nitrogen 
content is somewhat lower than for most proteins. 

As stated above, when prothrombin is converted into thrombin, 
there are certain changes in solubility and in apparent isoelectric 
points which permit one to eliminate certain impurities from the 
thrombin preparation. The carbohydrate content of the throm- 
bin preparation is thereby increased, indicating that it is associated 
with the active principle rather than with the impurities. Any 
remote possibility that the thrombin might be simply a carbo- 
hydrate, and the protein present as an impurity, would seem to be 
minimized by the fact that the activity of our thrombin and 
prothrombin preparations is readily destroyed by dilute solutions 
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of HNOs, at pH 5.5. This evidence would appear to indicate 
that the activity of the thrombin is dependent upon the integrity 
of a-amino groups. 

Fibrinolysis—A number of workers (2—4, 10, 11) have reported 
the fact that their thrombin preparations not only cause clotting 
of fibrinogen, but that eventually they even dissolve the fibrin 
itself. We have made observations with fibrinogen prepared in a 
variety of ways, and have found that our purified thrombin prepa- 
rations give no evidence of fibrinolytic activity over a period of 
many hours. It would seem likely that the fibrinolytic enzyme 
is a distinct substance which can be eliminated during the process 
of purification. 


SUMMARY 


Prothrombin possessing 300 units of activity per mg. of dry 
weight and thrombin of 600 units of activity per mg. of dry weight 
can be obtained routinely by the technique described. Products 
possessing as much as 520 and 950 units per mg. respectively have 
been obtained. 

Evidence indicates that prothrombin and thrombin are carbo- 
hydrate-containing proteins. 

Low concentrations of a variety of salts cause precipitation of 
prothrombin but not of thrombin. 

In aqueous solutions prothrombin is relatively insoluble in the 
neighborhood of pH 4.9. In the case of thrombin the point of 
minimum solubility is near pH 4.3. When compared at their 
respective points of minimum solubility, thrombin is much more 
soluble than prothrombin. 

Thrombin, in saline solution, is permanently inactivated by 
acid at pH 3.5, and reversibly inactivated in the zone pH 3.5 to 
4.1. In the case of prothrombin, inactivation begins at pH 4.8, 
and is complete at pH 3.5. 

On addition of alkali, inactivation of both prothrombin and 
thrombin begins at pH 10 and is quite marked above pH 11. 

In aqueous solutions prothrombin and thrombin show partial 
inactivation after being heated for 30 minutes at 40°. At 60° 
inactivation is virtually complete. 

Nitrous acid destroys the activity of both prothrombin and 
thrombin. 
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Our purified thrombin preparations do not show the phenom- 
enon of fibrinolysis. 
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A NEW DIETARY ESSENTIAL FOR THE MOUSE 
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Our knowledge of the vitamin B complex has been obtained 
largely by experimentation on the rat and the chick. The use of 
the dog to demonstrate the essentiality of nicotinic acid and the 
fact that the vitamin action of pantothenic acid was discovered 
through the use of the chick have served to emphasize the im- 
portance of employing various species in the study of water-soluble 
vitamins. It is surprising that the mouse has not been widely 
used for such studies. The rapid growth rate and small food con- 
sumption of this species are decided advantages when a basal 
ration composed entirely of pure chemicals is used. Furthermore, 
the extensive use of the mouse in numerous types of biological 
experiments makes an exact insight into its nutritive requirements 
desirable. 

In this paper a dietary essential for the mouse which is necessary 
for the maintenance of the hair will be described. This factor 
was discovered during an attempt to show that the mouse requires 
the additional filtrate factor needed by the rat. Woolley (1) 
has shown with rats that following the disappearance of the re- 
sponse to additions of pantothenic acid a further gain in weight 
is produced by certain concentrates. When mice were used in 
similar experiments, it was observed that many of the animals 
became hairless. Growth of hair could be restored by suitable 
dietary supplements. 

EXPERIMENTAL 


Basal Ration and Assay Technique—The mixture of substances! 
described by Woolley (1) was supplemented with 1 mg. of syn- 


1 Vitamin B, was kindly supplied by Merck and Company, Inc. 
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thetic sodium pantothenate (2). In order to minimize deteriora- 
tion the ration was used within 1 week from the time of mixing. 
It was supplied ad libitum to weanling male white mice of the 
Rockefeller Institute strain. These animals weighed 9 to 12 
gm. at the start of an experiment. They were kept in individual 
glass jars with screen bottoms. Each animal was weighed twice 
weekly. After about 4 weeks on this ration growth had ceased 
and soon many of the animals had become hairless. However, 
several water-soluble vitamins were probably absent from the diet. 
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Fic. 1. Typical responses of mice. These two curves represent in- 
dividual animals in groups started at different times. a, added yeast 
extract; 6, marked loss of hair; c, added alcohol-insoluble fraction of liver 
extract; d, hair restored; e, added p-aminobenzoic acid; f, dead, no restora- 
tion of hair. 


Preliminary assays revealed that yeast extract was a poor source 
of the factor curative of alopecia. Therefore this material was 
used to fortify the ration with some of the unknown vitamins and 
thus to reduce the possibility of studying a multiple deficiency. 
When growth had ceased (usually about 4 weeks from the be- 
ginning of the experiment), 2 per cent of yeast extract (Difco) 
was incorporated in the ration. Growth was resumed for a time 
but soon 50 to 60 per cent of the animals ceased to gain and dis- 
played the symptoms described below. Typical growth curves 
obtained with animals on the above regimen are shown in Fig. 1. 
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During the past 7 months, 55 animals have been studied under 
these conditions. 

Description of Symptoms—As the growth response to the addi- 
tion of yeast extract diminished, the animals assumed an untidy 
appearance. Abruptly, the hair on the entire body with the 
exception of the head, tail, and occasionally the legs, fell out, 
leaving the trunk naked. As the disease progressed, the denuded 
area became scaly and then quite red. Soon sores appeared. 
The sore, red, denuded area stood in sharp contrast to the hairy 
white head and tail. Usually a tuft of hair remained at the base 
of the tail. The line of demarkation between the hairy head and 
the hairless body was usually quite sharp. Unless an active 
concentrate was given, the mice died in 2 to 3 weeks from the 
onset of symptoms. If an active preparation was given, a normal 
appearance was presented in 3 days to 1 week. Those substances 
which did not cause the growth of hair within 10 days were con- 
sidered inactive. 

A small percentage (10 to 20 per cent) of the animals showed 
evidences of nervous involvement. A few days prior to the loss 
of hair, an affected mouse appeared hyperirritable and ran around 
the cage furiously. Soon muscular incoordination was seen, 
which evidenced itself by erratic movements of hind quarters from 
side to side. Finally complete paralysis of the hind legs resulted. 
(It is interesting to note that alopecia first appeared over the hind 
quarters.) The muscular disorders were apparently not due to 
lack of the same factor which prevented loss of hair. It was possi- 
ble to cure the incoordination, and even to restore paralyzed 
limbs to normal function by feeding a norit eluate of the alcohol- 
soluble fraction of liver extract.2_ This eluate, however, failed to 
cause the growth of hair. 

Gain in weight has always accompanied restoration of hair with 
any concentrate thus far tested. However, gain in weight has 
sometimes been observed with fractions which do not cause growth 
of hair. For this reason, cure of the symptoms has been used in 
our work in preference to growth to indicate activity of materials 
tested. When a fraction appeared to be inactive, the ability of the 


? This and other liver extracts used in this work were kindly supplied by 
Dr. David Klein of The Wilson Laboratories. 
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animals to respond was always tested by administration of an 
active concentrate. 

Sources and Properties of the Factor—Yeast extract and rice 
bran extract (Vitab)* were inactive when fed as 2 per cent of the 
ration. The 95 per cent alcohol-soluble portion of aqueous liver 
extract was inactive, except in one instance, when fed as 2 per 
cent of the ration. However, this material contained some 
of the active substance, for its use at a 2 per cent level in a pro- 
phylactic experiment prevented the loss of hair, and higher levels 
have been successful in the usual curative tests. The most 
active source found was the fraction of aqueous liver extract, 
which was insoluble in 70 per cent alcohol and which had been 
rendered completely water-soluble by mild enzymatic treatment. 
2 per cent of this substance was quite effective (Fig. 1). A 
similar amount of this fraction was entirely inactive in promoting 
growth of rats as determined by the method of Woolley (1). 
Thus it was found that active fractions for the growth of the rat 
were relatively inactive for the cure of the alopecia in the mouse, 
and that active mouse fractions were inactive in the rat. These 
facts indicated that our factor was distinct from the rat growth 
factors. 

The active substance was not readily adsorbed on norit. For 
example, when 50 gm. of the active liver fraction in 500 ec. of water 
were stirred with 100 gm. of norit A (Pfanstiehl) it was found that 
the filtrate was as active as the starting material. It was observed 
that the active principle was not dialyzable. 100 gm. of the liver 
fraction in 500 cc. of water were placed in a cellophane tube and 
dialyzed against running water for 18 hours. No loss of activity 
was detected in the non-dialyzable portion. It seems probable 
that the vitamin was non-dialyzable owing to combination with 
some large molecule, for preliminary tests have indicated that, 
after the liver fraction had been treated with barium hydroxide 
and then with lead acetate, the active ingredient was readily 
dialyzable. 

A number of materials of biochemical importance have been 
assayed. A highly potent biotin concentrate made by the method 
of Woolley et al. (3) was inactive when fed at 10 mg. per 100 gm. 


* Kindly supplied by Mr. Henry Smith of the Galen Company, Inc. 
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of ration. p-Aminobenzoic acid (4) (2 mg. per 100 gm.) was 
likewise ineffective. The ether extract of the alcohol-soluble 
portion of liver extract when fed at a level equivalent to 4 per 
cent of liver extract was inactive; this material is a good source 
of the anti-gray hair factor (5, 6). 


DISCUSSION 


The available evidence indicates that the mouse requires a 
hitherto undescribed vitamin for normal growth and maintenance 
of hair. So many vitamins or growth factors have been described 
that it now has become a major problem merely to demonstrate 
that a newly discovered syndrome is not due to lack of a vitamin 
which has already been described. This is particularly true, 
since many of the newer factors have not been obtained in a state 
approaching purity. Those vitamins available in crystalline 
form have been included in our basal ration. Good sources of 
the unknown rat growth factors were poor sources of our mouse 
factor and vice versa. The involvement of the hair suggested the 
anti-gray hair factor, but, since an ether extract of liver extract 
is a good source of this substance, and was ineffective in the cure 
of alopecia of the mouse, the identity of the two factors seems 
improbable. The fact that the vitamin existed in liver extract 
in combination with a large molecule suggested biotin, but direct 
test of biotin concentrates showed that this growth factor was not 
effective. Demonstration of relationship to the recently de- 
scribed factors for the chick (7-9) must await purification of these 
substances. 

A simple or descriptive name for this new factor is desirable, 
and it is proposed that it be called the mouse antialopecia factor. 


SUMMARY 


When fed a ration of sucrose, purified casein, salts, cod liver oil, 
corn oil, yeast extract, thiamine, riboflavin, vitamin Bg, nicotinic 
acid, pantothenic acid, choline, and f-alanine, young mice soon 
cease to grow, and become completely hairless over the trunk. 
Hair may be restored by feeding certain fractions of liver extract. 
The active substance in these fractions is relatively insoluble in 
alcohol and is non-dialyzable. It has not been identified with any 
previously described vitamin. 
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The specific properties of many biologically active proteins 
appear to be dependent upon the presence of sulfhydryl groups or 
of disulfide linkages. The physiological effect of insulin depends 
upon the integrity of the latter structure (1, 2), and according 
to Bersin (3) the disulfide state is also the active one in certain 
phosphatases, the §-fructosidases, 8-glucosidase, and amylase. 
Free sulfhydryl groups may be essential for the activity of urease 
(4, 5), papain (5, 6), cerebrosidase (7), lipases (8), and several 
dehydrogenases (8-11). Sealock and du Vigneaud (12) have 
shown that the activity of the pressor and oxytocic principles of 
the posterior pituitary gland depends upon the presence of sulf- 
hydry!] or potential sulfhydryl groups. Because of the importance 
of sulfur in certain proteins and the fact that tobacco mosaic 
virus contains sulfur (13-15), the nature of its distribution in the 
virus protein has been investigated preliminary to a study of the 
réle which this element may play in virus activity. 

It has previously been reported from this laboratory that ultra- 
centrifugally isolated tobacco mosaic virus contains 0.24 per cent 
sulfur and that the element is not removed by dialysis at pH 
9.4 (15). About 60 per cent of the sulfur was accounted for as 
cysteine or cystine and smaller amounts as methionine and sulfate 
sulfur. It is the purpose of the present paper to report a more 
extensive investigation in which it was demonstrated that the 
content of cysteine plus cystine sulfur in the virus is somewhat 
larger than that previously reported and that it accounts for 
practically all of the sulfur. It was also found that the protein 
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contains little or no methionine, that all of the sulfate sulfur can 
be removed, and that the total sulfur content of dialyzed protein 
is approximately 0.20 per cent. There is reason to believe that 
this sulfur actually occurs in the form of cysteine (16). 


EXPERIMENTAL 
Preparation of Samples 


A chemically isolated sample of tobacco mosaic virus was pre- 
pared in several batches from field-grown diseased Turkish tobacco 
plants (Nicotiana tabacum, L.) by use of the isolation procedure 
of Stanley (17) with trypsin treatment as recommended by Baw- 
den and Pirie (18). The virus was precipitated from the filtered 
dilute disodium phosphate extract of frozer macerated plants 
with ammonium sulfate. The precipitate was collected on a celite 
(Standard) filter pad, dissolved in 0.1 m phosphate buffer at 
pH 7, and reprecipitated. This procedure was repeated four or 
five times, after which the protein solution was adjusted to pH 7.5, 
0.02 per cent pancreatin was added, and the solution incubated 
at 38° under toluene for 48 to 72 hours. After two additional 
precipitations with ammonium sulfate, the protein was precipi- 
tated at its isoelectric point by the cautious addition of glacial 
acetic acid. The precipitate was collected on a celite filter pad 
and the protein dissolved by suspending the filter cake in water 
and adding 2 nN NaOH dropwise with rapid stirring until the reac- 
tion was pH 6.5 to 7. The celite was filtered off and then reex- 
tracted three or four times with small amounts of water at about 
pH 7. The protein solution and extracts were combined, filtered 
through paper, and then dialyzed until tests showed that less than 
0.1 per cent of the total N was ammonia N. The dialyzed selu- 
tion was concentrated in vacuo in an all-glass apparatus (inside 
temperature 24°) to a thick viscous solution and then frozen and 
dried in vacuo. All operations, except incubation, dialysis, and 
concentration, were carried out at 5°. 

The ultracentrifugally isolated samples were obtained from 
plants grown in a greenhouse as well as from field-grown plants. 
The virus was isolated from the filtered extracts from diseased 
plants by alternate high and low speed centrifugation at 5° (19). 
The pellets obtained from the fourth ultracentrifugation were 
transferred to the drying apparatus, frozen, and then dried. The 
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ultracentrifuged samples were perfectly white, while the chemically 
isolated sample was a very light gray. 

Some of the dried samples were extracted with petroleum ether 
in an all-glass Soxhlet extractor for 24 hours. Certain of the 
samples obtained by ultracentrifugation were dialyzed previous 
to drying in a Kunitz-Simms rocking type dialysis apparatus (20) 
against flowing distilled water or against a 0.001 m phosphate- 
citrate-HCl buffer at pH 3 at room temperature. The nucleic 
acid-free sample was prepared by treating the virus at 0° with 
5 per cent NaOH for 1 minute (21). The protein component was 
precipitated by adding acetic acid until the solution was acid to 
litmus. The precipitate was removed by centrifugation, then 
washed with water, and dried. The nucleic acid was precipitated 
by the addition of an equal volume of alcohol to the supernatant 
liquid from the protein precipitate after the solution was acidified 
to Congo red with HCl. The nucleic acid was removed by cen- 
trifugation, washed with alcohol, and dried at 110° in vacuo 
over P2Os. 


Moisture Determinations 


Samples dried to constant weight in an oven at 110° or in vacuo 
over P20; at 37° decreased in weight only slightly upon further 
drying in vacuo over P:O; at 110°. Therefore, samples were dried 
in an oven at 110° unless otherwise stated. 


Total Sulfur Determinations 


Total sulfur was determined by the Pregl method by the Arling- 
ton Laboratories at Arlington, Virginia. On the basis of analyses 
on known materials, the analyses reported are regarded as being 
accurate to within 0.03 per cent; t.e., a sample reported as con- 
taining 0.24 per cent sulfur contains not less than 0.21 per cent 
and not more than 0.27 per cent sulfur. Determinations by means 
of a Parr bomb were made by Dr. A. Elek on two of the samples, 
through the courtesy of Dr. P. A. Levene. The results agreed 
with those obtained by the Pregl procedure. 


Colorimetric Cystine Determinations 


Hydrolysis—Samples of dried protein or of protein of known 
moisture content weighing 300 to 600 mg. were hydrolyzed by 











































- 


Pe i 








122 Sulfur in Tobacco Mosaic Virus 


heating at 130° with 6 N HCl or at 110—120° with the HCI-HCOOH 
mixture recommended by Miller and du Vigneaud (22). The 
hydrolysates were evaporated to a thick gum under a strong cur- 
rent of air and were then dissolved in water. 

Humin Formation—Considerable amounts of humin formed in 
both types of hydrolysates. Some of the samples were decolorized 
by boiling with norit. The norit was filtered off, washed with 
hot 0.2 n HCl, and the filtrate and washings diluted to 10 or 
25 cc. Other hydrolysates were adjusted to approximately pH 5 
with NaOH and the humin removed by centrifugation and then 
washed with hot water. Aliquots of the decolorized hydrolysates 
were used for cystine determinations by the Sullivan method (23) 
and by the Folin-Marenzi procedure (24) or Lugg’s modification 
of the latter (25). The hydrolysates did not give a nitroprusside 
test; hence the procedures recommended for cystine alone 
were used. 

Methods—The Sullivan method as employed by Miller and 
du Vigneaud (22) was used, with aliquots containing from 0.25 
to 0.40 mg. of cystine. A green filter (Wratten No. 58) was 
used in the colorimetric measurements. 

Application of the Folin-Marenzi procedure gave results that 
were quite variable and approximately double those obtained by 
the Sullivan method and often exceeded the amount of sulfur 
present. Lugg’s modification of this method, which introduces 
a correction for extraneous reducers and provides a rigid control 
of pH, was therefore used. Determinations were made on aliquots 
containing 0.30 to 0.50 mg. of cystine. 

Resulis—The results of the colorimetric determination of cystine 
are given in TableI. A duplicate set of analyses on the chemically 
isolated virus sample gave comparable results. In addition, a 
sample was hydrolyzed for 4 days with the HCI-HCOOH mix- 
ture and then decolorized at pH 5. Both colorimetric methods 
gave values of 0.32 to 0.33 per cent. Hence, the two methods 
gave comparable results only on samples hydrolyzed with HCl for 
8 hours or with HCI-HCOOH for 4 days. Following shorter 
periods of hydrolysis with the latter, the Sullivan method gave 
the higher results and, in agreement with the findings of Miller 
and du Vigneaud (22), maximum values were obtained after 
48 hours of hydrolysis. 
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In general, the results were quite variable, did not account for 
all of the sulfur in the samples, and were considerably lower than 
values obtained by iodometric titration following hydrolysis with 
HI. It is probable that the low and variable results were due at 
least in part to the comparatively large amount of humin formed 


TaB.e | 
Colorimetric Determination of Cystine* in Tobacco Mosaic Virus 
Hydrolysates 

“S | Method | 
—— ~ of | wee we 4 Colorimetric method of =. | Se. | A. 
per cent! per cent 
Ultracentrif- | HCI-HCOOH | Sullivan | Norit | 0.35 | 0.09 
ugally iso- for 24 hrs. | pH 5 | 0.35 | 0.09 

lated (0.24% 

total S) Folin-Marenzi- Norit | 0.28 | 0.07 
| Lugg pH 5 | 0.29 | 0.08 


Norit | 0.29 | 0.08 
pH 5 | 0.40t| 0.11 


HCI-HCOOH Sullivan 
for 48 hrs. 


Folin-Marenzi- Norit | 0.24 | 0.06 
Lugg pH 5 | 0.28 | 0.07 


6 n HCl for 8 | Sullivan Norit | 0.36 | 0.10 


hrs. pH 5 | 0.34 | 0.09 
Folin-Marenzi- Norit | 0.31 | 0.08 
Lugg | pH5d | 0.34 | 0.09 


| 
Nucleic acid- | HCl-HCOOH | Sullivan abet 0.387) 0.10 








free protein | for 48 hrs. | Folin-Marenzi- | “ 5 0.52t 0.14 
(0.17% total! | Lugg 
. | | 


* Calculated as cystine, but would include cysteine. 
+t Average of three determinations. 


during hydrolysis with either HCl or the HCI-HCOOH mixture. 
Several investigators have reported the loss of cystine or cysteine 
when boiled with carbohydrates, especially with those that form 
furfuraldehyde. Dowell and Menaul (26) found that cystine 
boiled with furfuraldehyde and 10 per cent HCl was deaminated 
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to the extent of 85 per cent. Bailey (27) reported that the addi- 
tion of 10 per cent arabinose to edestin before hydrolysis decreased 
the apparent cystine content from 1.36 to 0.9 per cent when deter- 
mined by the Folin-Marenzi-Lugg method and from 1.14 per cent 
to 0.9 per cent when determined by the Sullivan method. To- 
bacco mosaic virus contains smaller proportions of a furfuralde- 
hyde-forming carbohydrate than this (about 2 per cent pentose) 
(13, 21), but likewise contains less sulfur than does edestin; hence 
the effect might be equally great. Lugg (28) found that humin 
formation results in a considerable loss of cysteine but that cystine 
is unaffected. It seems likely that at first cysteine was present 
in the hydrolysates, for a positive nitroprusside test is obtained 
immediately following denaturation of the virus. Removal of 
the nucleic acid decreased humin formation and served to increase 
values given by the Folin-Marenzi-Lugg method but did not 
alter those obtained by the Sullivan procedure. Recovery of 
cystine added to the virus protein before hydrolysis was variable 
and incomplete; hence the colorimetric methods were abandoned 
and attention was turned to the Baernstein procedure. 


Sulfur Distribution after Hydrolysis with HI 


Method—Baernstein’s (29) method as modified by Kassell and 
Brand (30) was used, except that the glass-to-glass connection to 
the first absorber was replaced by rubber tubing and a pinch- 
clamp. As the dried protein samples were very bulky and samples 
up to 600 mg. were used, it was not practicable to use weighing 
tubes. Instead, the digestion flask was filled with nitrogen, a 
weighed sample introduced directly, and the flask immediately 
connected to the condenser. The average recovery of cystine 
(3 to 4 mg.) in five determinations was 92.9 per cent; therefore, a 
correction factor of 107.7 was used in the calculations. The aver- 
age recovery of methionine (0.8 to 0.9 mg.) as volatile iodide was 
90.3 per cent (two determinations) and one determination on 
0.34 mg. of sulfate sulfur gave 116 per cent recovery. 

The test to establish the identity of the volatile iodide by means 
of trimethylamine was conducted as described by du Vigneaud, 
Miller, and Rodden (31). After each run, the contents of Scrub- 
ber 3, which consisted of 5 ce. of 3 per cent trimethylamine in 
absolute alcohol, were sealed in glass, stored at 4°, and examined 
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at intervals for the formation of crystals of tetramethylammonium 
iodide on the walls of the tube. 

Results—The corrected values obtained by the modified Baern- 
stein procedure for cysteine, methionine, and sulfate sulfur are 
given in Table II. The cysteine (or cystine) values were consis- 
tently higher than those obtained by the colorimetric methods, and 
averaged 0.68 per cent, calculated as cysteine, equivalent to 
0.18 per cent sulfur. Dialysis or removal of nucleic acid caused 
no decrease in the cysteine value, whereas the total sulfur content 
was lowered to about 0.20 per cent (average of four samples). 
Since this agreement is within the accuracy of the methods, these 
data provide no basis for assuming that other forms of sulfur are 
present in tobacco mosaic virus. Analysis of a sample of virus 
nucleic acid by the same method indicated that not over 3 per 
cent of the cysteine titration could be attributed to the nucleic 
acid component. As sulfate was present in some samples and not 
in others, it must be regarded as a contaminant. 

The non-dialysed preparations gave titrations in both the vola- 
tile iodide and homocysteine determinations and, since in general 
the two values agreed, it would appear that methionine was 
present in such preparations. However, the apparent methionine 
content was decreased 50 per cent or more by dialysis at pH 3 
or against distilled water, treatments which do not lower the 
activity significantly. The apparent methionine content was also 
reduced over 50 per cent by removal of nucleic acid. Although 
the dialyzed or alkali-treated preparations, as well as nucleic acid 
alone, gave rise to volatile iodide and to homocysteine, the amounts 
were quite small and their significance doubtful. Extraction with 
petroleum ether did not decrease the amount of volatile iodide 
produced. The homocysteine titration is less sensitive and, when 
so small, little reliance can be placed upon it; hence an attempt was 
made to determine whether or not the volatile iodide obtained 
from the virus was actually methyl iodide. In tests with known 
amounts of methionine, made with the method already described, 
0.8 mg. of methionine could be detected and 1.2 mg. resulted in 
the formation of a large number of tetramethylammonium iodide 
crystals. However, in one test 3.2 gm. of chemically isolated 
virus and in another 2.7 gm. of ultracentrifugally isolated virus 
were hydrolyzed, but in neither case was there any indication of 





























































A. F. Ross 127 
crystal formation. If the volatile iodide were entirely due to 
methionine, these samples, according to Table II, should have 
contained 3.8 and 3.8 mg. of methionine, respectively, of which 
1.6 and 1.4 mg., respectively, would not have been removed by 
dialysis. Since the addition of methy] iodide, equivalent to 1 mg. 
of methionine, to the 5 ce. of trimethylamine solution used in the 
tests with protein resulted in the formation of crystals of tetra- 
methylammonium iodide, nothing was evolved during the diges- 
tion of the protein that prevented crystal formation. It is evi- 
dent, therefore, that most of the volatile iodide obtained from 
non-dialyzed preparations and over half of that from well dialyzed 
samples could not have been methyl iodide. If the protein con- 
tained as much as 0.025 per cent methionine, it would have 
been detected. 

The analyses on the ultracentrifugally isolated samples and the 
chemically prepared sample are quite similar in all respects except 
for total sulfur. The sulfur in the former has been largely ac- 
counted for, but only about 60 per cent of the sulfur of the latter 
can be attributed to cysteine and sulfate sulfur. The reason for 
this is not known. 


DISCUSSION 


In this investigation no attempt has been made to distinguish 
between- cysteine and cystine, and results are calculated as one 
or the other as a matter of convenience. The hydrolysates used 
for the colorimetric methods were treated so that cysteine, if 
present, would be oxidized to cystine. They gave a negative 
nitroprusside test. Digestion with HI would, of course, convert 
any cystine to cysteine. As yet, no free sulfhydryl groups have 
been demonstrated in the intact virus protein molecule, but they 
appear following denaturation by even mild means. Titration 
of the sulfhydryl] groups of the virus in 40 to 50 per cent guanidine 
hydrochloride and in 6 m urea solutions with porphyrindin indi- 
cates the presence of 0.76 and 0.70 per cent cysteine, respectively 
(15). With ferricyanide or tetrathionate in 50 per cent guanidine 
hydrochloride, a content of approximately 0.65 per cent cysteine 
was found.! The agreement of these values with those found in 


1 Personal communication from Dr. M. L. Anson. 
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the present investigation clearly indicates that in the denatured 
protein all or nearly all of the sulfur is in the form of cysteine. 

There can be no doubt that the results for cysteine plus cystine 
obtained by the modified Baernstein method are more accurate 
than those obtained by colorimetric methods. There is no humin 
formation during digestion with HI, and the Okuda titration has 
been shown to be specific for sulfhydryl and disulfide groups (32). 
Also, the higher value agrees well with the total sulfur and 
titratable sulfhydry] content of the protein, and there is no reason 
for suspecting the presence of appreciable quantities of other 
forms of sulfur. 

Since no evidence was obtained that methy! iodide is formed 
during the hydrolysis of tobacco mosaic virus with HI, and since 
the homocysteine titration was too small to be of significance, it 
can be concluded that the virus contains little or no methionine. 
If as much as 0.025 per cent methionine were present, it would 
have been detected by the methods that were used. The origin 
of the volatile iodide is not known. It is interesting to note that 
du Vigneaud, Miller, and Rodden (31) obtained similar results 
with insulin. 

SUMMARY 


A study has been made of the distribution of sulfur in tobacco 
mosaic virus protein. lodometric titration following digestion 
with HI indicated that well dialyzed virus protein isolated by dif- 
ferential centrifugation, or the nucleic acid-free component of the 
virus, contains 0.68 per cent cysteine or cystine. Since this 
amount is equivalent to 0.18 per cent sulfur and such protein 
preparations contain 0.17 to 0.20 per cent total sulfur, all, or 
nearly all, of the sulfur has been accounted for. This sulfur prob- 
ably exists in the form of cysteine, since it may be titrated as such 
in protein denatured by even mild means. Following conversion 
of cysteine to cystine, colorimetric estimation of the latter by the 
Sullivan method or Lugg’s modification of the Folin-Marenzi pro- 
cedure after digestion with HCl or a HCI-HCOOH mixture gave 
lower and less consistent results. A chemically isolated sample 
of tobacco mosaic virus gave similar results. Traces of sulfate 
sulfur were present in some samples and absent in others. When 
the virus was hydrolyzed with HI, a small amount of volatile 
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iodide was formed and the amount could be reduced by dialysis 
of the protein. However, it was proved by means of the trimethyl- 
amine test that most of the volatile iodide could not have been 
methyl iodide; hence it seems likely that tobacco mosaic virus 
does not contain methionine. 
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Because of the evidence that nicotinic acid is the pellagra- 
preventing factor (1), attempts have been made to determine 
nicotinic acid in blood and urine as methods for estimating the 
level of nutrition with respect to this essential food factor. A 
simple procedure for the determination of nicotinic acid in such 
materials has been published from our laboratory (2). The 
method gives excellent results with respect to reproducibility of 
the values and recovery of added nicotinic acid (or amide). How- 
ever, like all other methods for the determination of this com- 
pound, the procedures are not specific for nicotinic acid alone; 
other pyridine compounds also give the tests. The present report 
is a study of what other pyridine compounds in the urine react 
with the reagents (cyanogen bromide and aniline) to give a color 
which contributes to the final reading as nicotinic acid and how 
the excretion of such compounds influences the interpretation of 
the urinary nicotinic acid values. Procedures are also described 
for converting the nicotinic acid derivatives in the urine, nicoti- 
nuric acid and trigonelline, to the free acid, so that some estimation 
of the extent of excretion of these compounds in the urine can now 
be made. 


* The expense of this investigation was defrayed by grants from The 
Upjohn Company, Kalamazoo, and from the Horace H. Rackham School 
of Graduate Studies, University of Michigan. 

t Upjohn Fellow in Clinical Research, 1937-41. 

t Upjohn Fellow in Clinical Research, 1938-40. 
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Stability of Nicotinamide in Urine 
subjects a 24 hour urine sample was collected with 30 ec. of 3.5 


nN H2SO, used as a preservative. Half hour aliquots of the acidified 
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TaBLe I—Concluded 
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Relative 
| photo- 
| Physical con- | Quan-| metric 
Compound* Formula stant (un- | tity | density 
| corrected) testedt| of re- 
action 
| product{ 
| "Cc. Y 
Trigonelline | A\ co 
hydrochlo- | | 
ride (3, 4, || } ; | 
6, 7) bo | HCI | M.p., 258 | 14.1 0 
N—0O | 
CH; 
CH,OH | 
| i 
| 
eee ae | 
Vitamin B. | HO f | CH,OH | « ong | 16.7 0 
hydrochlo- | i} | 
ide** (8 CH;—\ -HCl 
ride ( ) | 3 \JA 
N 
| 








* The numbers in the parentheses after each compound denote references 
to the earlier investigations demonstrating the presence of these compounds 
in urine. 

t Equivalent on the basis of comparative molecular weights to 10 y of 
nicotinic acid. 

t For the purpose of comparison a value of 100 was assigned to the photo- 
metric density of the yellow solution obtained in the test with 10 y of nico- 
tinie acid. 

§ Obtained from the Eastman Kodak Company, Rochester, New York. 

|| Furnished by General Biochemicals, Inc., Cleveland, Ohio. 

§ Furnished by Dr. C. A. Elvehjem and Dr. D. V. Frost of the University 
of Wisconsin. 

** Furnished by Merck and Company, Inc., Rahway, New Jersey. 





specimens, with 200 + of nicotinamide added to each, were allowed 
to stand in stoppered flasks at room temperature for a period of 
30 days. Periodically the aliquots were tested (2); in all cases the 
values remained constant and represented theoretical recoveries 
of the added amide. Nicotinamide is stable in acidified urine for 
a period of more than 30 days. 

Pyridine Compounds in Urine and Their Reaction with Cyanogen 
Bromide and Aniline Reagents—In Table I are listed the principal, 
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known pyridine compounds found in urine. Solutions were made 
to contain known quantities of these compounds equivalent in 
each case, on the basis of comparative molecular weights, to 10 
of nicotinic acid. For the purpose of comparison a value of 100 
was assigned to the photometric density of the yellow solution 
obtained in the test with the 10 y of nicotinic acid. The results 
are given in Table I. The difference in reaction between nicotinic 
acid and the amide is of no consequence, since the hydrolytic 
procedure used in the application of the reaction to biological 
materials completely converts the amide to the free acid (2). 
Nicotinuric acid, the glycine conjugate of nicotinic acid, is the only 
other compound in the series to possess anti-blacktongue activity 
(9). This compound likewise can be completely hydrolyzed to 
yield the free acid (2). Trigonelline, the betaine of nicotinic acid, 
fails to react with the reagents. Inasmuch as both nicotinuric 
acid and trigonelline have been isolated from urine following the 
oral administration of a test dose of nicotinic acid (3, 4, 6, 7), 
these derivatives of nicotinic acid should also be determined for 
the proper evaluation of the urinary nicotinic acid values. On 
the other hand, the distribution of trigonelline is ubiquitous in 
nature (10) and, since the compound possesses no anti-blacktongue 
activity (9), that excreted as a result of direct dietary intake (11) 
should be excluded from the over-all urinary nicotinic acid values. 
Quantitative data concerning the natural distribution and urinary 
excretion of trigonelline are lacking. In the present study it will 
be shown that by varying the hydrolytic procedures it will be 
possible to determine which of the nicotinic acid derivatives are 
excreted. Although the results are still semiquantitative, the 
procedures used are simple, so that it now becomes possible to 
carry out extensive studies of the urinary excretion of nicotinic 
acid and its derivatives (11). 

The non-specificity of the urinary values has been found to be 
due for the most part to the pyridine and nicotine in the speci- 
mens reacting with the reagents. Vitamin Bg, like trigonelline, 
fails to give a positive test. 

Yield of ‘‘Nicotinic Acid” from Same Urine Sample Subjected to 
Varying Hydrolytic Procedures—Urine samples with and without 
added nicotinamide, nicotinuric acid, and trigonelline were sub- 
jected to hydrolysis with different concentrations of acid and 
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alkali for varying periods. A typical series of such tests, taken 
from a number of similar experiments, is presented in Table II. 


Taste Il 
Variability in Yield of ‘Nicotinic Acid’”’ from Same Urine Sample Subjected 
to Acid and Alkaline Hydrolysis ; Recovery of Added Pyridine Compounds 





Recovery of added pyridines as 











. “Nicotinic | icotinie acid? 
Reagent | Normality | Duration ce | acid” in = : ashen en — 
_ samplet | Nicotin- | Nicotinurie | Trigonel- 
| | ami acid =| line 
rs i | ¥ per cent | per cent | per cent 

HCl 2.5 05 | 6 | @ errs 
{ 0.5 64 | 102 | 68 | 0 

6 0.5 heen Awiba SE chin’ 

4 oe Soe ee oe 

| 

NaOH 2.5 0.5 | 126 96 101 4 
4 0.5 | 246 98 99 11 

6 0.5 | 362 7 | 16 | 8 

e 0.5. 183 1: | 30 

2.5 1.0 196 99 | at . 

4 1.0 310 9 | 10 | 417 

eo TK 376 97 | 100 | 20 

9 | 1.0 490 % | 9% | 8 

25 | 2.0 | 20 7 | 0 | W 

4 2.0 | 340 os | o | 9 

6 2.0 380 86 90 21 

9 2.0 | 452 83 85 27 

2.5§ | 24 378 97 99 19 


* The hydrolyses were carried out in graduated test-tubes immersed in 
a boiling water bath. 

+ In each case a } hour aliquot of a 48 hour urine specimen from a normal 
subject was subjected to the hydrolysis before and after the addition of the 
extra pyridine compounds. 

t To the urine samples subjected to acid hydrolysis the amounts of the 
added pyridine compounds in each case were equivalent, on the basis of 
comparative molecular weights, to 200 y of nicotinic acid ; to those subjected 
to alkali hydrolysis, 1000 y equivalents were added. 

§ In this case the hydrolysis was allowed to proceed under a reflux, so 
that no change in volume took place. In all the other cases the solutions 
were simply madc up to the indicated normality with no attempt to prevent 
volatilization during the periods of hydrolysis. 
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It will be observed that following any of the acid or alkaline hy- 
drolyses' of from } to 1 hour’s duration there is a quantitative 
conversion of nicotinamide into the free acid, as indicated by the 
recovery values. However, the initial yields of “nicotinic acid”’ 
from the same urine sample subjected to alkaline hydrolysis are 
far in excess of those obtained by hydrolysis with hydrochloric 
acid of equivalent normality and increase progressively with 
increasing concentrations of the alkali.2 The acid hydrolyses 
yield relatively constant values despite variations in the concen- 
tration of the hydrochloric acid and in the period of hydrolysis. 
The above results have been confirmed repeatedly (11). 

Inasmuch as blank determinations, by the same hydrolytic 
procedures, have given negative color tests, the increasing yields of 
“nicotinic acid’ with use of increasing concentrations of the alkali 
cannot be attributed to contaminants in the reagents. Apparently 
there is normally excreted into the urine a pyridine compound 
characterized by its resistance to strong acid hydrolysis and its 
susceptibility to alkaline hydrolysis to yield a compound which 
then reacts similarly to nicotinic acid with the cyanogen bromide 
and aniline reagents. 

Influence of Various Hydrolytic Procedures upon Subsequent 
Reactions of Pyridine, Nicotine, and Vitamin By, with Reagents— 
When pure aqueous or urine solutions of pyridine and nicotine are 
subjected to the acid hydrolyses, constant values for the added 
pyridine compounds with quantitative recoveries are obtained. 


! The hydrolyses of the half hour aliquots of the urine specimens were car- 
ried out in graduated test-tubes immersed in a boiling water bath. The 
urine samples subjected to acid hydrolysis in a total volume of 15 cc. were 
analyzed according to the published procedures (2). Those subjected to 
alkaline hydrolysis of 2.5 and 4 N were brought to a total volume of 1l5cc., 
while the more alkaline hydrolysates (6 and 9 N) measured 10 ce. To each 
of the alkaline solutions 10 cc. of ethyl alcohol were added, followed by 
neutralization with concentrated hydrochloric acid in the cold until the pH 
was adjusted to 7, and the mixture was then brought to a volume of 30 cc. 
Exactly 0.1 gm. of the Darco charcoal was added and the suspension fil- 
tered. 3 cc. quantities (10 per cent aliquots) of the filtrates were then 
treated in the same manner as the neutralized filtrates obtained after acid 
hydrolysis. 

? The values obtained, although varying widely with differences in the 
normality of the sodium hydroxide used, are reproducible following each 
of the alkaline hydrolyses and therefore valid. 






















































Melnick, Robinson, and Field 137 


When the same solutions are subjected to alkaline hydrolyses, 
no increase in the “nicotinic acid’’ values is obtained. In fact, 
smaller values are generally observed because of volatilization of 
the added pyridine compounds. Vitamin Bes, when subjected to 
the same hydrolytic procedures in pure aqueous solution or when 
added to urine, fails to give a positive color test. 

Urinary Excretion of Nicotinuric Acid—Examination of Table II 
indicates that nicotinuric acid is not the compound responsible for 
the increased yield of “nicotinic acid’’ when urine samples are 
subjected to hydrolysis with increasing concentrations of alkali. 
The recovery values remain constant and represent complete 
conversion of the added nicotinuric acid to nicotinic acid as in 
those tests with the added nicotinamide. However, nicotinuric 
acid is much more stable to acid hydrolysis than nicotinamide. 
Prior to hydrolysis the conjugate, in terms of the nicotinic acid 
moiety, gives 62 per cent of the color produced by free nicotinic 
acid (see Table I). When subjected to the acid hydrolytic pro- 
cedures of $ hour’s duration, there is only a slight increase in the 
yield of free nicotinic acid. Only when the hydrolyses with 4 N 
hydrochloric acid are allowed to proceed for a period of from 4 to 
5 hours are constant values obtained, with quantitative con- 
versions of the conjugate to free nicotinic acid occurring. Re- 
peated recovery experiments with nicotinic acid and nicotinamide 
added to urine have indicated no volatilization of nicotinic acid 
during the period of prolonged acid hydrolysis. Normally the 
values obtained by acid (4 N) hydrolysis of a urine sample for 4 
hour are practically the same regardless of whether a short or long 
period of hydrolysis is employed (11). Increased values following 
the latter hydrolytic procedure are obtained only when the sub- 
ject receives an extra test dose of nicotinic acid. In these cases, as 
in the recovery experiments with added nicotinuric acid, prolong- 
ing the period of acid (4 N) hydrolysis gives increasing values, with 
maximal and constant figures obtained only after the 4 to 5 hour 
periods of hydrolysis. These findings have been interpreted as 
indicative of no urinary excretion of nicotinurie acid unless rel- 
atively large doses of extra nicotinic acid have been ingested (11). 

Urinary Excretion of Trigonelline—We have found much evi- 
dence to indicate that the pyridine compound excreted in the 
urine, which is completely resistant to acid but susceptible to 
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alkaline hydrolysis, is trigonelline. Increasing both the normality 
of the acid and the period of acid hydrolysis fails to augment the 
urinary nicotinic acid value despite the addition of a relatively 
large amount of trigonelline to the sample (see Table II). With 
use of increasing concentrations of the alkali, however, there is an 
increase in the percentage conversion of trigonelline to the nicotinic 
acid-like reacting substance. This conversion closely parallels 
the increasing yields of “nicotinic acid’’ when the same urine 
samples alone are subjected to the alkaline hydrolyses. Thus, in 
the series presented, the ratio of the increases in yields of “nicotinic 
acid,” over and above the constant values obtained by acid hydrol- 
ysis, following the 4 hour periods of hydrolysis with sodium 
hydroxide of increasing normality was 1:3:5:7. This ratio was 
practically the same as that obtained for the percentage recoveries 
of the added trigonelline expressed as nicotinic acid. Further- 
more, extension of the 2.5 and 4 N alkaline hydrolyses of urine over 
longer periods of time leads to still greater increases in the yield of 
“nicotinic acid’ and this is associated with comparably greater 
increases in the percentage hydrolysis of the added trigonelline. 
In the more alkaline hydrolysates these increases in the initial 
yield of nicotinic acid or in the percentage conversion of the added 
betaine to the nicotinic acid-like reacting substance are not 
apparent. Apparently under such conditions the increased 
hydrolysis of the trigonelline is masked by concomitant destruction 
of the end-product. 

The pyridine compound in the urine, resistant to acid but 
susceptible to alkaline hydrolysis, also behaves like trigonelline 
with charcoal and zeolite adsorbents. The addition of charcoal* 
to either a neutral urine sample or to a pure aqueous solution of 
trigonelline is followed in each case by almost quantitative adsorp- 
tion of the compound; this was indicated by no appreciable increase 
in the yields of nicotinic acid as a result of subsequent alkaline 
hydrolysis. Passage of either a pure aqueous solution of tri- 
gonelline or of the half hour urine sample through a permutit* 
column (12) results in no appreciable adsorption of the trigonelline; 


*Darco, a vegetable charcoal, obtained from the Coleman and Bell 
Company, Norwood, Ohio. 

* Delealso, approximately 50 mesh, kindly furnished by the Permutit 
Company, New York. 
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the filtrates gave values following alkaline hydrolysis which were 
the same as those recorded initially for the solutions. 

The betaine in pure aqueous solution is resistant to all of the 
alkaline hydrolyses. Accordingly, in the adsorption experiments 
with pure solutions of trigonelline it was essential to add to the 
filtrates } hour urine samples and compare the results with those 
obtained when no adsorptions were involved. The concentration 
of the urinary solids influences the extent of hydrolysis. Tests, 
in which one-fifth as much urine was used but in which total 
volume, normality, and duration of the alkaline hydrolysis were 
the same, gave only one-seventh of the previous values. A com- 
parable decrease in the percentage hydrolysis of the trigonelline 
added to the smaller urine aliquots was also noted. Just what in 
urine makes possible the alkaline hydrolysis of the betaine has 
not been determined. The addition of the pyridine compounds 
listed in Table I to pure aqueous solutions of trigonelline failed to 
catalyze the conversion of the betaine to the nicotinic acid-like 
reacting substance. 

Procedures Used in Chemical Study of Urinary Excretion of 
Nicotinic Acid and Its Derivatives—The 24 hour urine sample is 
collected in a bottle containing 30 cc. of 3.5 N sulfuric acid. Three 
} hour aliquots are concentrated over a steam bath, while at the 
acid reaction, to a suitable volume. These are then subjected to 
to different hydrolytic procedures: (a) one with 4 n hydrochloric 
acid for a period of 4 hour, (b) the second with the same concen- 
tration of the acid for a period of 5 hours, and (c) the third with 
9 n sodium hydroxide for a period of $ hour.® 

The value for the sample subjected to the short period of acid 
hydrolysis is believed to include all the voided nicotinic acid, 
nicotinamide, free pyridine, nicotine, two-thirds of the nicotinuric 
acid,* and any other unknown pyridine compounds which react 


5 The samples subjected to the acid hydrolyses are brought to a total vol- 
ume of 15 cc., but no attempt was made to maintain a constant volume 
during the period of hydrolysis. Those subjected to alkaline hydrolysis 
are made up to a total volume of 10 cc. The hydrolysates are then treated 
as described in foot-note 1 of this paper. 

* This is due to the fact that nicotinuric acid itself, although not ap- 
preciably hydrolyzed during the short period of acid hydrolysis, reacts 
directly with the reagents to give a color the intensity of which is equal to 
62 per cent of that obtained with an equivalent amount of nicotinic acid. 
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with the reagents. The values obtained after the prolonged acid 
hydrolysis include, in addition to the above, all of the nicotinuric 
acid because of complete hydrolysis. Accordingly, from the in- 
crement obtained from the longer hydrolysis an estimation can be 
made of the total nicotinuric acid present. 

The value obtained after alkaline hydrolysis of the urine sample 
is used for the estimation of trigonelline in urine. This figure 
includes also the pyridine compounds determined by use of the 
prolonged acid hydrolysis. The results following alkaline hydrol- 
ysis can then be corrected to yield values due solely to the tri- 
gonelline. More than twenty recovery experiments have been 
carried out with the betaine added to urine samples from six 
individuals. The percentage conversion of the added trigonelline 
to the nicotinic acid-like reacting substance varied from 28 to 38 
per cent and the values in each case were reproducible; the average 
conversion factor was 33 per cent. We have, therefore, inter- 
preted the increased yield of nicotinic acid, over and above that 
following the 5 hour period of acid hydrolysis, as representing 
one-third of the excreted trigonelline. 

Because of the large conversion factors involved in estimating 
the total amounts of the nicotinic acid derivatives excreted, the 
results should be considered only as semiquantitative. However, 
the procedures appear to be specific for these compounds and be- 
cause of their simplicity lend themselves to routine examination 
of urine samples (11). In addition, the results are reproducible. 
For publication purposes, only the values actually obtained by the 
direct chemical analyses are given. These are sufficient in them- 
selves to indicate which of the nicotinic acid derivatives are 
excreted and their relative quantities. From the data presented 
approximations can be made of the absolute amounts of these 
compounds present in a given sample. 

Trigonelline As a Normal Constituent of Urine; Effect of Coffee 
and Smoking upon Urinary “Nicotinic Acid’? Values—There is a 
wide-spread distribution of trigonelline and pyridine-containing 
alkaloids in the plant kingdom (10); the common beverages 
(coffee, tea, and cocoa) are considered to be relatively rich in some 
of these substances. There is also a suggestion in the literature 
(6) that confirmed smokers may develop the ability to convert 
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nicotine to trigonelline as a detoxicating measure. The excretion 
of nicotine, as the unchanged alkaloid, in the urine of smokers has 
been reported (5). 


TaBie III 
Effect of Coffee Drinking and Smoking upon Urinary ‘‘Nicotinic Acid”’ 
Values 


The results are given in mg. per 24 hours. 








| | Urinary “nicotinic acid” values 
| after hy i 


drolysis 
Subject | Experiment Lid soldat lidcilerheienttatinale 
(dhr.4n |S hrs..4n|$ hr. 9» 
| HCL | HCl NaOH 
D. M. | Basal diet + no coffee or smoking 3 3.7 3.3 | 


days prior to and during 24 hrs. of 
urine collection 


| Basal diet + 6 cups black coffee (no 3.6 3.4 70 
smoking) 
W. R. | Basal diet + no coffee or smoking 3 4.2 3.6 13 


days prior to and during 24 hrs. of 
urine collection 


| Basal diet + 6 cups black coffee (no 4.5 4.2 91 
| smoking) 
After 4 days adjustment period, basal 7.8 7.6 58 


diet + smoking, 30 cigarettes (no 
coffee drinking) 








N. A. | Normal routine; basal diet + | 15.1 | 14.9 34 
smoking, 20 cigarettes (no coffee 
drinking) 


— 
° 
oo 
bad 
on 
8 


24 hr. period following above, smok- | 
ing discontinued (no coffee 
drinking) | 

Subsequent 24 hr. period, smoking | 

still discontinued (no coffee drink- 

| ing) 
First 24 hr. period after return to 9.8 9.3 29 

| 

| 


4.7 | 4.3 | 17 


. . . | 
normal routine (no coffee drinking) | 








Studies were accordingly carried out to ascertain the influence of 
smoking and coffee consumption upon the urinary “nicotinic acid”’ 
values. Representative data are presented in Table III. 

The constant excretion values obtained with the two subjects 
subsisting on the basal diets alone are given. These figures were 
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reproducible not only for the same urine samples but also for those 
collected on consecutive days while the individuals continued on 
the same dietary régime. The larger values consistently obtained 
with the samples subjected to alkaline hydrolysis indicate tri- 
gonelline to be a normal constituent of urine. This conclusion is 
supported by the isolation of the betaine from normal human 
urine despite the complete abstinence from smoking and from 
coffee, tea, and cocoa consumption (6). The figures for the 24 
hour period associated with coffee drinking showed no change with 
acid hydrolysis but a tremendous increase following alkaline 
hydrolysis. This increase is attributed to the extra excretion of 
trigonelline. 

Studies of the urinary excretion of nicotinic acid and its deriva- 
tives have been carried out with eleven normal subjects who pur- 
sued a normal but constant daily routine (11). Of the six 
individuals in this group, who smoked regularly, three had urinary 
“nicotinic acid” values following acid hydrolysis not much greater 
than those frequently obtained in similar tests of urines from non- 
smokers. The other three smokers consistently gave very much 
higher values. Representative data of studies conducted with 
subjects from each of these two groups of smokers are also pre- 
sented in Table III. With subject W. R., the major increase in 
the urinary “nicotinic acid” values after smoking was observed in 
the sample subjected to alkaline hydrolysis. In the case of the 
other individual, N. A., the values which responded to changes in 
smoking habits were those obtained following acid hydrolysis of 
the samples with only parallel changes in the values after alkaline 
hydrolysis. Apparently subjects differ in the way they handle 
nicotine, some converting it to trigonelline, others excreting it 
primarily as the unchanged alkaloid’? (which is quantitatively 
determined along with the other pyridines). 


7 Additional tests have indicated that free nicotine is excreted by such in- 
dividuals. If, in the preliminary concentration of the $ hour urine sample, 
the acid reaction is first neutralized to pH 7, most of the free pyridine is 
volatilized; the nicotine, however, is not affected. Such tests carried out 
with urine samples from smokers in this group gave values not appreciably 
less than those previously obtained when the samples were concentrated 
at the usual acid reaction. 
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SUMMARY 


Nicotinamide is stable in acidified urine for a period of more 
than 30 days. The urinary pyridine compounds vary widely in 
the extent of their reactions with the cyanogen bromide and aniline 
reagents. Procedures are described for the quantitative conver- 
sion of nicotinamide and nicotinuric acid to nicotinic acid. Of the 
two, nicotinuric acid is more stable to acid hydrolysis. The 
excretion of this compound can be estimated by making use of the 
increment in the urinary nicotinic acid value following prolonged 
acid hydrolysis. There is normally excreted a pyridine compound, 
characterized by its complete resistance to acid hydrolysis but 
susceptibility to alkaline hydrolysis, yielding a substance which 
reacts subsequently like nicotinic acid with the reagents. The 
evidence suggesting that this is trigonelline is the parallel behavior 
of the compounds when exposed to acid and alkaline hydrolyses 
of varying normality and duration, similar adsorption properties, 
and dependency upon some urinary constituent for catalysis in 
the alkaline hydrolysis of the compounds. The extent of tri- 
gonelline excretion may be estimated from the increase in the 
urinary “nicotinic acid’ value after alkaline hydrolysis, over and 
above that obtained following prolonged acid hydrolysis. Coffee 
consumption leads to a markedly increased excretion of trigonelline 
with no change observed in the urinary nicotinic acid values 
obtained during acid hydrolysis. Smoking in the case of one group 
of individuals augments mainly the urinary excretion of tri- 
gonelline, while in the other free nicotine is excreted and this value 
is included in the total urinary “nicotinic acid” figure. Vitamin 
Be, before and after exposure to all the hydrolytic procedures 
described, fails to give a positive color test with the reagents. 
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URINARY EXCRETION OF NICOTINIC ACID AND ITS 
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In the preceding paper (1) a study was made of the pyridine 
compounds found in urine in order to determine to what extent 
their excretion influences the chemically determined (2) urinary 
“nicotinic acid’? values. Procedures were described for the 
estimation of nicotinuric acid and trigonelline in urine based upon 
the relative stabilities of these compounds to acid and alkaline 
hydrolysis. After prolonged acid hydrolysis nicotinuric acid is 
quantitatively converted to nicotinic acid and only after strong 
alkaline hydrolysis is trigonelline converted to a nicotinic acid- 
like reacting substance. The values obtained are reproducible and 
the procedures appear to be specific for these nicotinic acid de- 
rivatives. However, because of the admittedly semiquantitative 
character of the calculated figures from use of large conversion 
factors, only the total values obtained by direct chemical analyses 
are given in this paper. 

Some pyridine compounds other than nicotinic acid and the 
above derivatives are included in the éotal urinary “nicotinic acid” 
values (1). Excretion of these pyridine compounds may mask 
differences between normal and deficient individuals with respect 
to the true nicotinic acid values of their urines. The evaluation 
of the extra excretion of nicotinic acid and its derivatives, after the 


* The expense of this study was defrayed by grants from The Upjohn 
Company, Kalamazoo, and from the Horace H. Rackham School of Gradu- 
ate Studies, University of Michigan. 

* + Upjohn Fellow in Clinical Research, 1937-41. 

t Upjohn Fellow in Clinical Research, 1938-40. 
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oral administration of a test dose to subjects following a constant 
daily routine, offers a means for correcting for the initial lack of 
specificity of the chemical method. The present report deals with 
the range of values obtained in such studies conducted with normal 
individuals. Data are presented showing in what forms nicotinic 
acid is excreted in the urine, the prompt conversion of most of the 
nicotinic acid to these derivatives, and rapidity of excretion of the 
pyridine compounds after dosage. Differences in metabolic 
behavior of nicotinic acid and nicotinamide are also indicated. 


EXPERIMENTAL 


Response of Normal Individual to Oral Test Dose of Extra Nic- 
otinic acid—Eleven adult subjects of varying size were used for 
this study. Selection of foods during the test period was left to 
the choice of the subject and represented what that individual 
generally ate. Smoking and coffee consumption were not re- 
stricted but were maintained constant during the test period.' 
Three consecutive 24 hour urine samples were collected.2. Follow- 
ing the 24 hour basal period and just prior to the collection of the 
second sample, an aqueous solution of 500 mg. of nicotinic acid 
was taken orally at the completion of the largest meal of the day. 
The two subsequent 24 hour urine samples were collected. The 
results of the analyses of the three consecutive urine samples are 
given in Table I. Each sample was subject to three types of 
hydrolysis, as indicated. The increase in the nicotinic acid value 
after the prolonged period of acid hydrolysis is due to hydrolysis 
of nicotinuric acid and the increment after alkaline hydrolysis 
comes from the trigonelline fraction (1). The value for the ertra 
urinary “nicotinic acid’ excretion following the administration of 
the test dose was calculated by subtracting from the total figure, 
obtained for the first 24 hour period after dosage, the average of 
the values for the immediately preceding and following 24 hour 
periods. 

Examination of the data in Table I shows that there is normally 
no excretion of nicotinuric acid in urine; this is indicated by no 
increase in the values obtained for the basal 24 hour urine samples 


' This was necessary because of the influence of these factors upon the 
urinary ‘‘nicotinic acid’’ values (1). 
? The urine collection periods began in each case after dinner. 
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when subjected to prolonged acid hydrolysis. Trigonelline is a 
normal constituent of urine; in each case a definitely larger value 
for the urinary excretion of nicotinic acid is obtained following the 
period of alkaline hydrolysis of the sample.* The presence of 
trigonelline in urine is due to both passive excretion of the betaine 
following its consumption as such in the diet‘ and that arising, as a 
detoxication measure, when large doses of nicotine (1, 3), nicotinic 
acid, and possibly other pyridine compounds are taken. The 
average increased urinary “nicotinic acid’’ value following 
alkaline hydrolysis of the basal urine samples in the series pre- 
sented is 20 mg. per 24 hours. This represents a daily excretion 
of approximately 60 mg. of trigonelline (1). Values for the basal 
24 hour urinary “nicotinic acid” values following acid hydrolysis 
vary widely, from 1.7 to 29.3 mg. The three samples yielding very 
large values were from smokers who excreted nicotine principally 
as the unchanged alkaloid (1, 4). Studies in which volatilization 
of the pyridine compounds by steam distillation of the urine 
samples at various pH values was employed have indicated that 
free pyridine is also present in some to an appreciable extent. 
There is a definite tendency for the values obtained during the 
basal periods to be less following prolonged acid hydrolysis com- 
pared with those obtained after the short period of acid hydrolysis. 
Repeated recovery experiments have shown that the decrease is 
due to volatilization or destruction of a urinary pyridine compound 
other than those studied ((1) Table I). It is thus apparent that 
the “nicotinic acid” values for the basal periods include pyridine 
compounds other than nicotinic acid. The true urinary nicotinic 
acid is believed to be in the neighborhood of the lower normal 
range. 


Only subject A. M., one of the non-smokers and non-coffee consumers, 
failed to show the very large increment in the urinary ‘‘nicotinic acid’ value 
following alkaline hydrolysis. The small increment in this case, how- 
ever, is real; recovery experiments with trigonelline added to } hour ali- 
quots of the same urine sample gave the usual 33 per cent conversion of the 
betaine to the nicotinic acid-like reacting substance. 

* When one of the standardized subjects (D. M., Table II) took a post- 
prandial oral test dose of trigonelline, equivalent to 350 mg. of nicotinic 
acid, the increase in the urinary nicotinic acid value occurred only in the 
sample subjected to alkaline hydrolysis. The increase represented an 
extra excretion of 135 mg. of trigonelline, all within the first 24 hours after 
dosage. (The trigonelline was furnished by General Biochemicals, Inc.) 
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The oral administration of the test dose of extra nicotinic acid 
is followed by a rapid and marked increase in the urinary “nicotinic 
acid” value. Within 24 hours after dosage the values for nicotinic 
acid and its derivatives in the urine are back to normal; the 
urinary values during the following 24 hour period are practically 
the same as the basal figures. In each case there is a marked 
urinary excretion of nicotinuric acid after the oral administration 
of the test dose (increase in values following prolonged acid 
hydrolysis). It has been shown (1) that this increment in the 
urinary “nicotinic acid’ values represents only one-third of the 
nicotinuric acid present.’ Thus, it is readily noted that after 
dosage most of the extra urinary nicotinic acid excretion, deter- 
mined after prolonged acid hydrolysis of the samples, is due to the 
presence of nicotinuric acid. Some individuals, such as N. A. and 
H. H., excreted practically all the nicotinic acid, so determined, as 
the glycine conjugate. When the urinary “nicotinic acid” values 
are very large, due to the intake of a relatively large dose of the 
compound by the smaller individuals, such as E. W. and O. B., 
or when the test dose is taken by the fasting subject (see Fig. 2), 
appreciable amounts of free nicotinic acid (or amide) are excreted. 
In each case, listed in Table I, there is a marked but variable 
excretion of extra trigonelline (increase in values following alkaline 
hydrolysis) after dosage. This increment should be multiplied 
by 3 for the estimation of the absolute excretion of the betaine (1). 

The values listed for the extra excretion of nicotinic acid and its 
derivatives after the administration of the test dose show a 
tendency of the smaller individuals to excrete more of the pyridine 
compounds. However, individual variation in the handling of 
the test dose makes this correlation poor. The average values 
obtained in this study are 40.9 mg. of extra “nicotinic acid” 
following the short period of acid hydrolysis, 54.2 mg. after pro- 
longed acid hydrolysis, and 73 mg. following alkaline hydrolysis. 
Calculations, based upon the fundamental concepts set forth in 
the preceding paper (1), indicate a total extra excretion of 110 mg. 


5 This is due to the fact that nicotinuric acid, although not appreciably 
hydrolyzed during the short period of acid hydrolysis, reacts directly with 
the reagents to give a color the intensity of which is equal to 62 per cent 
of that obtained with an equivalent amount of nicotinic acid. The value 
obtained after prolonged acid hydrolysis, however, does include all the 
voided nicotinuric acid expressed as free nicotinic acid. 
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150 Normal Nicotinic Acid Excretion 


of nicotinic acid and derivatives, or 22 per cent of the test dose. 
51 per cent of the increased urinary excretion of nicotinic acid is 
in the form of trigonelline, 36 per cent is in the form of nicotinuric 
acid, and only 13 per cent in the form of free nicotinic acid or 
amide. 

Reproducibility of Values for 24 Hour Urinary Excretion of 
Nicotinic Acid and Derivatives before and after Administration of 


TABLE II 


Reproducibility of Basal Values* for 24 Hour Urinary Excretion of Nicotinic 
Acid and Its Derivatives 


The results are expressed in mg. per 24 hours. 





| | Values cbtained after hydvelyeht 











| No. of | } hr., tn HCI 5 hrs., 4» HCl } hr., 96 NaOH 

Subject a he Or EO ere . . ei 
lyzedt its ps Ps 

| Range | § | 34 | Range & if Range | act 

Bar as ay 

< |@ < ia | | < |@ 
OM. | 4] 2.1- 3.4 2.9) 0.6 1.8- 2.9 2.4/0.5 12-19) . 3.3 
E.W. | 16 | 1.6- 3.9) 2.8'0.6 1.5- 3.6) 2.5 | 0.6) 18-32) 24 | 4.8 
D. M. 18 | 2.4 5.5) 3.6/0.7) 2.2- 5.2) 3.2 | 0.6 18-30 ~ (3.4 
W.R§ | 10 | 5.3-8.67.0.0.9 4.0-8.0 6.6 1.1 27-64) 43 112.2 
H. F.§ | 5 | 24.3-30.227.4) 2.6 23.3-31.7/27.3 3.5, 58-80, 67 /10.8 








* These were obtained when the diet furnished the sole intake of nico- 
tinic acid and its derivatives. 

t These samples were collected over a period of 6 months and were spaced 
at least 1 week apart. 

t The significance of the different types of hydrolysis, indicating which 
of the nicotinic acid derivatives is excreted, is explained in the text. 

§ These individuals are habitual smokers, smoking from twenty to 
thirty cigarettes daily. 





Test Dose of Extra Nicotinic Acid—In Table II are summarized 
the results of the analyses of 53 basal 24 hour urine samples from 
five normal individuals. Each sample was subjected to the three | 
types of hydrolysis, as indicated. The values, though extending | 
over an appreciable range, are within definite limits characteristic | 
for each of the subjects. Much of the variation noted is undoubt- 
edly due to no attempt having been made by these individuals to 
follow a constant dietary régime during the urinary collection 
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periods. When the diet and daily routine are maintained con- 
stant, the urinary “nicotinic acid’’ values are reproducible (1). 
The average basal excretion values listed in Table II have been 
used to correct the total figures obtained when the same individ- 
uals received test doses of nicotinic acid and nicotinamide. The 
results have been plotted (Figs. 1 to 3) as extra urinary “nicotinic 
acid”’ excreted. 

In Fig. 2 are presented the results for repeated determinations 
of the extra urinary excretion of nicotinic acid and its derivatives 
when the normal subject takes the 500 mg. test dose of nicotinic 
acid after eating. The average deviation of the two values in a 
set from its average figure is +9 per cent, with a maximal devia- 
tion of +18 per cent. These results indicate that the values ob- 
tained are sufficiently reproducible to make the data in Table I 
valid and allow significance to be attached to the differences in the 
urinary excretion of nicotinic acid when varying test doses are 
taken (Fig. 1), when the test dose is taken by the subject fasting 
rather than after eating, and when nicotinamide is taken in place 
of the free acid (Figs. 2 and 3). 

Correlation between Urinary “Nicotinic Acid’ Values and Size 
of Test Dose—The first 24 hour urine samples were collected from 
two normal subjects after they had received varying oral test doses 
of nicotinic acid after the largest meal of the day.* The extra 
urinary excretions of nicotinic acid and derivatives are indicated in 
Fig. 1. Only small amounts of these pyridine compounds are 
excreted when the dose of extra nicotinic acid is 3.4 mg. per kilo of 
body weight. In these tests the extra urinary “nicotinic acid”’ 
values (with calculations made to convert the results obtained 
after hydrolysis into absolute quantities of the nicotinic acid de- 
rivatives) account for only 3 and 5 per cent of the test doses. With 
larger test doses there is not only an absolute increase in these 
urinary pyridine compounds but also a marked augmentation in 
the percentage of the test doses excreted. Thus, when the dose 
of extra nicotinic acid was 9.4 mg. per kilo of body weight, the 
urine values accounted for 25 and 14 per cent of the test dose. 

Urinary Excretion of Nicotinic Acid and Its Derivatives When 
Test Dose Is Taken by Fasting Subject. Difference in Urinary 


* Approximately 10 days were allowed to lapse between each of the 
periods when the test doses were taken. 
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Excretion Values When Nicotinamide Is Taken—Test doses of 
nicotinic acid were administered orally to three of the normal 
subjects, but this time the solutions were taken 12 hours after 
dinner and 3 hours prior to breakfast. The results are plotted 
in Fig. 2. For comparative purposes the values obtained when 
these same subjects received the same test doses after eating are 
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Fic. 1. Correlation between urinary excretion and size of the test dose 
of extra nicotinic acid. The plotted values have been corrected for the 
basal excretions before the test doses were administered. The significance 
of the different types of hydrolysis is explained in the text. 


also presented. It will be observed that there is a marked in- 
crease in the extra urinary “nicotinic acid’’ values (from 100 to 
300 per cent, when calculations are made to convert the values 
obtained after hydrolysis into absolute quantities of the nicotinic 
acid derivatives). The “flooding” effects, resulting from taking 
the test dose while fasting, are also apparent from the values 
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calculated to yield the per cent of total pyridines excreted as free 
nicotinic acid (or amide); 40 per cent in the present series com- 
pared with only 13 per cent when the test dose is taken after 
dinner. 
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Fic. 2. Difference in the values for the extra urinary excretion of nico- 
tinic acid and its derivatives when the test dose of nicotinic acid or amide 
is taken immediately after a meal or while fasting. The plotted values 
have been corrected for the basal excretions before the test doses were 
administered. The significance of the different types of hydrolysis is 
explained in the text. 


When nicotinamide is taken by the same subjects under the 
same experimental conditions, the extra urinary “nicotinic acid” 
values are generally very much less’? than those obtained when 


7 There is one exception in the series presented. In the case of D. M., 
the extra urinary “‘nicotinic acid’’ value, when calculations were made to 
convert the results obtained after hydrolysis into absolute quantities of 
the nicotinic acid derivatives, was appreciably greater following the use of 
nicotinamide as the postprandial test dose. This was due to the rela- 
tively much greater excretion of trigonelline. 
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nicotinic acid constitutes the test dose (Fig. 2). From 80 to 90 
per cent of the extra nicotinic acid in the urine is calculated to be 
present as trigonelline. No appreciable difference in the urine 
values is obtained when the test dose of nicotinamide is taken by 
the subject after eating or while fasting. 

Rapidity of Conversion of Nicotinic Acid into Nicotinuric Acid 
and Trigonelline Following Its Oral Administration, and Prompt 
Excretion of These Compounds—Fractional urine samples were 
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Fic. 3. Partition of the 24 hour extra urinary excretion of nicotinic acid 
and its derivatives by the same normal subject receiving 500 mg. of nico- 
tinic acid or its amide orally immediately after a meal or while fasting. 
The plotted values have been corrected for the basal excretions before the 
test doses were administered. The significance of the different types of 
hydrolysis is explained in the text. 


collected during the first 24 hours after the oral administration of 
test doses of nicotinic acid or nicotinamide to the normal subject, 
W. R. (Fig. 2), and analyzed separately. The results are pre- 
sented in Fig. 3. When the 500 mg. sample of nicotinic acid was 
taken orally by the subject, either before eating or while fasting, 
there was a prompt increase in the urinary “nicotinic acid”’ values. 
Practically all the excreted pyridines are voided within 4 hours 
after administration of the test dose; the maximal excretion is 
within the Ist hour. When the same quantity of nicotinamide is 
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taken as the test dose, a more gradual and much smaller excretion 
of nicotinic acid and its derivatives is observed. In all cases there 
occurs a prompt and continuous conversion of nicotinic acid to 
nicotinuric acid and trigonelline. The blood values associated 
with these urinary “nicotinic acid’’ figures are presented in Fig. 1 
of the following paper (5). The only curve of urinary excretion 
which fails to parallel the blood values is that obtained following 
the administration of the oral test dose after eating. The reason 
for this is discussed elsewhere (5). 


SUMMARY 


Trigonelline is a normal constituent of urine; nicotinuric acid 
is not. The basal 24 hour urinary “nicotinic acid’ values ob- 
tained in a study with eleven well nourished individuals varied 
from 1.7 to 29.3 mg. Because of the demonstrated non-specificity 
of the method the true nicotinic acid values are believed to be in 
the neighborhood of the lower normal range. In addition, the 
average excretion of nicotinic acid as trigonelline amounts to 
approximately 60 mg. per 24 hours. The oral postprandial 
administration of the test dose of 500 mg. of extra nicotinic acid is 
followed by a rapid and marked increase in the urinary “nicotinic 
acid” values, almost all of the excreted pyridine being voided 
within the first 4 hours. The maximal excretion occurs during the 
lst hour after the test dose is taken. On the average 110 mg. 
(22 per cent) of the test dose of nicotinic acid are excreted, 51 per 
cent in the form of trigonelline, 36 per cent as nicotinuric acid, and 
13 per cent as free nicotinic acid or amide. The percentage ex- 
cretion of the test dose varies directly with the size of the dose. 
There is an increase of from 100 to 300 per cent in the extra urinary 
excretion of nicotinic acid and derivatives over that following 
postprandial doses when the nicotinic acid is taken while fasting. 
In either case there is a prompt and continuous conversion of 
nicotinic acid to nicotinuric acid and trigonelline. 

When nicotinamide constitutes the test dose, the extra urinary 
“nicotinic acid” values are generally very much less and indicate 
no appreciable difference arising from the relation of dosage to the 
meal. Also, the rate of excretion of the nicotinic acid and de- 
rivatives is much more gradual, with trigonelline accounting for 
from 80 to 90 per cent of the excreted pyridine. The values before 
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and after the administration of the test doses are sufficiently 
reproducible to justify the conclusions drawn. 
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FACTORS AFFECTING THE CONCENTRATION AND DIS- 
TRIBUTION OF NICOTINIC ACID IN THE BLOOD* 


By DANIEL MELNICK,t WILLIAM D. ROBINSON,{ anp HENRY 
FIELD, Jr. 


(From the Department of Internal Medicine, Medical School, University of 
Ann Arbor) 


(Received for publication, July 11, 1940) 


A simple chemical method for the determination of nicotinic 
acid (or nicotinamide) in blood has been reported (1). The 
present report deals with the stability of nicotinamide in blood, 
specificity of the procedures, the range of values for normal adults, 
and the distribution of the compound between the plasma and 
corpuscular elements. Typical blood nicotinic acid tolerance 
curves, following the administration of the compound (or nicotin- 
amide) through various routes, are presented. Such studies with 
normal and pellagrous individuals may lead to the development 
of a procedure for the laboratory diagnosis of nicotinic acid 
deficiency. 


EXPERIMENTAL 


Stability of Nicotinamide in Blood—To each of the 10 cc. of 
oxalated blood samples in three separate series 100 + of nicotinam- 
ide were added. In the first series sterile blood was used, the 
amide being added aseptically; in the second group no aseptic 
precautions, other than the use of chemically clean apparatus, were 
employed; and in the last series the samples with and without the 
added amide were pipetted into the concentrated hydrochloric 
acid, as described in preparing the samples for hydrolysis (1). 
The samples stored at 5-8°, were tested daily for nicotinic acid 


* The expense of this investigation was defrayed by grants from The 
Upjohn Company, Kalamazoo, and from the Horace H. Rackhani School 
of Graduate Studies, University of Michigan. 

t Upjohn Fellow in Clinical Research, 1937-41. 

t Upjohn Fellow in Clinical Research, 1938-40. 
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according to the published procedure (1). In all cases the values 
remained constant over a period of 5 days' with the theoretical 
recoveries of the added nicotinamide obtained. 

Effect of Recently Ingested Meal, Coffee, and Smoking upon 
Blood Nicotinic Acid Level—Inasmuch as these factors have been 
shown to influence the excretion of nicotinic acid, its derivatives, 
or the pyridine compounds, which are included in the urinary 
“nicotinic acid’? values (2), tests were carried out to determine 


TaBLes I 


Negligible Effect of Recently Ingested Meal, Coffee, and Smoking upon Blood 
Nicotinic Acid Level 








Subject Experiment Mees aiestints 
mg. per cent 
D. M. 14 hrs. fasting 0.58 
4 “ after dinner, 10 hrs. after lunch 0.59 
14 “ fasting 0.64 


1 hr. after drinking 4 cups of coffee (no eating 0.68 
or smoking) 


W. R. 14 hrs. fasting 0.59 
4 “ after dinner, 10 hrs. after lunch 0.62 
14 “ fasting 0.62 


1 hr. after drinking 4 cups of coffee (no eating 0.69 
or smoking) 


14 hrs. fasting 0.64 

Immediately after smoking 10 cigarettes con- 0.59 
secutively (no eating or coffee drinking) 

D. L. 14 hrs. fasting 0.72 

Immediately after smoking 10 cigarettes con- 0.73 








secutively (no eating or coffee drinking) 





their influence upon the blood values. The results, presented in 
Table I, indicate that the blood nicotinic acid values are unaffected 
by any of the experimental procedures. However, the tests 
with alkaline (9 nN) hydrolysis of the blood samples for the estima- 
tion of trigonelline which might be present were inconclusive. In 
such analyses turbidities, that could not be corrected for, developed 
in the final solutions. Also, similar tests with trigonelline added 


1 Tests for the stability of nicotinamide in blood, stored for more than 5 
days, were not conducted. 
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to the samples failed to show any appreciable conversion of the 
betaine to the nicotinic acid-like reacting substance. Thus, tri- 
gonelline may have been present but this method for its estimation 
is not applicable to blood. 

Blood Nicotinic Acid Values of Normal Adulis—Blood samples 
were collected from twenty-five males and thirteen females in the 
postabsorptive state. The results of the analyses are presented 
in Table II. There was no correlation between the values and the 
subjects’ dietary and smoking habits. The slightly higher con- 
centrations of nicotinic acid in the blood of men may be due to 
comparably greater hematocrit values; approximately 90 per cent 
of the total nicotinic acid is in the corpuscular elements of the blood 
(Tables III and IV). The values listed in Table II are consider- 
ably greater than those obtained by other chemical procedures 


TaBLe II 
Concentration of Nicotinic Acid in Blood of Normal Human Adults 











| | 

No. of subjects Sex Range | Average | — 
aa | mg. on cent mg. per cont os oer par 

25 M 0.54-0.83 0.69 +0.07 

3 F, 0.52-0.74 0.62 +0.06 





(3-5) but in good agreement with the biological method of Lwoff 
and associates (6, 7). Our procedures of direct acid hydrolysis 
of the blood followed by preferential charcoal adsorption of the 
pigments eliminates loss of nicotinic acid due either to inadequate 
methods of extraction (4), improper charcoal decolorization (3, 5), 
or to use of protein precipitants (3, 5) in the preparation of filtrates 
suitable for hydrolysis. Protein precipitants have been shown 
to be effective agents in the precipitation of the nicotinamide- 
containing coenzymes of the blood (8, 9). The smaller values 
obtained by Axelrod and Elvehjem (10) may be due to the use 
of a yeast fermentation method which is specific for coenzyme I 
alone and not for total nicotinie acid. 

The values for the blood nicotinic acid concentration of the 
same sample are reproducible to within +3 per cent of the average. 
However, the figures obtained at different periods with the same 
individual following a normal daily routine may vary widely 
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(e.g., 0.59 to 0.76 mg. per cent) but remain always in the normal 
range. Theoretical recoveries of added nicotinamide as nicotinic 
acid are consistently obtained. Tests with pure coenzyme [* 
added to blood also give quantitative recoveries of the pyridine 
moiety as nicotinic acid. The plasma values, which approximate 
the lower limit of sensitivity of the method, are reproducible only 
to within +15 per cent of the average. 


Taste III 
Concentration of Nicotinic Acid in Normal Blood and Plasma and Its 
Distribution between Plasma and Corpuscles 


Nicotinic acid Per cent blood 

Subject Hematocrit nicotinic acid 

Blood* Plasma* Corpuselest | ™ corpuscles} 

per cent mg. percent | mg. per cent mg. per cent per cent 

AS 43.0 0.68 0.21 1.30 82 
E. W. 2.3 | 0.67 0.10 1.44 91 
H. W. 14.4 0.67 | 0.13 1.35 0 
G. 8. 43.0 0.74 | 0.13 1.56 | 00 
N. A. 43.1 | 0.79 0.20 | 1.58 | 86 
D.M. | 13.6 | 0.76 0.11 1.60 92 
DL. | 42.2 0.79 | 0.22 1.56 &4 
H. H. 13.3 | 0.79 0.24 1.50 82 
CW. 13.7 / 0.69 | 0.05 1.51 06 
Average... | 13.2 0.73 0.15 1.49 89 


* Obtained by direct chemical analyses. 
t Calculated from 
Blood value — (plasma value X (1 — hematocrit)) 





Hematocrit 
with the hematocrit expressed as a fraction. 
t These were calculated from 
Corpusele value X hematocrit 


Blood value 


Distribution of Nicotinic Acid in Blood—In Table III are pre- 
sented the values obtained with nine normal subjects for the 
concentration of nicotinic acid in the blood and plasma of the 
same sample. Calculations indicate that approximately 90 per 

? The authors are indebted to Dr. C. A. Elvehjem and Dr. M. A. Lipton 


of the University of Wisconsin for furnishing them with the pure coenzyme 
I preparation. 
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cent of the blood nicotinic acid is in the corpuscles. This confirms 
the observations made by Kohn and Bernheim (11) and Dorfman 
and associates (12) using bacterial growth methods. 

Inasmuch as most of the blood nicotinic acid is in the cells, the 
influence of pathological variations in the hematocrit upon the 


TaBLe IV 
Concentration of Nicotinic Acid in Blood, Plasma, and Corpuseles of Subjects 
with Abnormal Hematocrit Values 


| | Nicotinic acid _| Per cent 

| blood 
a as . | Hema- ' nicotinic 
Subject | Status toerit 7 | Cor- | in acid 
Blood*| es pus- | corpus- 


| | cles* cles* 








| per mg. mg. | mg. | 
| cont | | S| oe | 

Normal (averages)t | 43.2 | 0.73) 0.15) 1.49, 89 
W. P.~ | Chronic hypochromie anemia | 25.5 | 0.52) 0.07, 1.84) 90 
Cc. O. ™ " = 26.0 | 0.69) 0.22) 2.04) 77 
B. A. ” 2 o 29.0 | 0.76) 0.17) 2.20) 84 
F. J.t “ - «| 30.5 | 0.65) 0.13) 1.84) 86 
A.B. | “ | 35.1 | 0.71| 0.07) 1.88) 93 
L. F.f ~ hyperchromic “ | 16.4 | 0.43) 0.06) 2.32) 88 
E. K.t = o ee 29.8 | 0.58] 0.11) 1.68) 86 
E. M.t oe es “ 33.6 | 0.65] 0.10) 1.76) 91 
C.H. | Polyeythemia vera 52.0 0.94] oie 1.67) 93 
K. K. | “ “ | 55.0 | 0.89] 0.11) 1.53) 94 
H. H.t es | 60.0 | 1.00) 0.14) 1.57) 94 
E.E. | e o | 60.2 | 1.00) 0.10) 1.59) 96 








*The same explanatory statements, added as foot-notes to these 
columns in Table III, apply here also. 
+ See Table III for the individual values averaged to obtain these normal 


figures. 
t The blood from these patients was furnished through the kindness of 
Dr. T. K. Gruber and Dr. R. H. Lyons of the Eloise Hospital, Eloise, 


Michigan. 


total blood value and upon the distribution of the compound was 
studied. The results are presented in Table IV. When the 
hematocrit is low, there is no parallel decrease in the total blood 
nicotinic acid values. This is due to an appreciable increase in the 
concentration of the nicotinic acid in the corpuscles. When the 
hematocrit is high, there is a passive increase in the total blood 
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nicotinic values due simply to the greater number of cells; the con- 
centration of the compound in the corpuscles remains practically 
in the normal range. 

Nicotinic Acid Tolerance Curves—Typical serial blood and 
plasma’ values obtained after the administration of test doses of 





mq. % a—o Blood values; 370 mq nicotinamide! 
infravenously 

* ©— Blood values; 500 mq. nicofinic 

" acid orally while fasting 


e--e Plasma values associated witho—a 

a4 Blood values, 500mg. nicotinic 
acid orally after Meal 

a--aPlasma values associated witha—a 


Hemofocrifs = 4/ 4 (2) 









o | a 3 4 B8iabavat 
Hours after administration of test dose | 














Fig. 1. Influence of the mode of administration of the test dose upon the 
nicotinic acid tolerance curve. Values for concomitant urinary excretion 
will be found in Fig. 3 of the preceding paper (14). 


nicotinic acid and nicotinamide to the normal subject are plotted 
in Fig. 1. A difference in the curves is noted when the test dose is 
administered after eating compared with administration of 

* Because of the possibility that the erythrocytes in vitro can synthesize 


the nicotinamide-containing coenzymes (13), the bloods were centrifuged 
immediately after collection to yield the plasma samples for the analyses. 




















Melnick, Robinson, and Field 163 


nicotinic acid in the postabsorptive state. In the former case 
there is a slow increase in the blood values, with the maximum at 
3 hours after the test dose is taken. In the latter case the maximal 
value is not only much greater but also occurs very much sooner— 
during the first half hour period. The plasma values show an 
even greater increase but return promptly within 2 hours to the 
basal range. Practically the same curves were obtained when 
nicotinamide constituted the test dose. This similarity in blood 
levels, after nicotinie acid and nicotinamide ingestion, is in 
marked contrast to the much lower urinary excretion following 
administration of the latter (14). 

The persistence in the elevation of the blood values, after the 
plasma values returned to normal, is probably due to the union of 
the nicotinic acid (or amide) in the red blood cell with other com- 
pounds to form a complex which does not readily leave the cell. 
Kohn and Klein (13) have already demonstrated that the eryth- 
rocytes both in vitro and in vivo can synthesize the nicotinamide- 
containing coenzymes from free nicotinic acid, while von Euler 
and associates (15) have shown that these compounds are retained 
in the cells and are not excreted into the urine. It seems likely 
that a gradual synthesis of the coenzymes occurs when nicotinic 
acid (or nicotinamide) is taken after eating. This would explain 
the appearance of the maximal blood value fully 2 hours after the 
maximal urinary excretion of the compound (14) and after the 
subsidence of the attendant flushing reactions. Such an inter- 
pretation is supported by the correlation of the nicotinie acid 
curve for plasma (free nicotinic acid) with the urinary excretion 
and flushing reactions. 

We have used nicotinamide for parenteral administration be- 
‘ause of the unpleasant side reactions which follow the administra- 
tion of the desired doses of nicotinic acid. In the experiment 
plotted in Fig. 1 the amide was injected intravenously at a dose of 
5 mg. per kilo of body weight.‘ The relatively small increase in 
the blood nicotinie acid and the prompt return to the basal level 
‘annot be explained by rapid excretion of the compound; only 10 
per cent of the test dose was found in the urine and most of that 
(94 per cent) as trigonelline. 


* Such a dose is equivalent to about 9 times the total quantity (free and 
combined) of nicotinic acid in the blood. 


Da 


oe we 


| 
| 


PE Oe a te twee a 


i ep a — 














164 Nicotinie Acid in Blood 


In the curves plotted in Fig. 1 the blood values returned to the 
basal levels well within 24 hours after single doses. When the 
normal subject receives repeated doses of the compound for an 
appreciable period of time the elevated blood levels persist long 
after dosage has ceased. In Fig. 2 are plotted both the blood and 
plasma values obtained at the same time for a normal subject who 
received nine 200 mg. oral doses of nicotinic acid, one every 2 
hours. The experimental routine is exactly the same as that used 





ma. % 200mg. nicotinic acid faKen 
orally every 2 hours 


Tofal = 1800 mq./1st l6 hrs! 







ovo Blood values 











). %--x Plasma values 
Hematocrits = 42% (+]) 
4 
ot 
0.2 ia K 
“thy wee aoe 
ofas+5 67 84/0 
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Fig. 2. Persistence in the elevation of the blood nicotinic acid values 


long after the subject had received repeated oral doses of extra nicotinic 


by Axelrod, Gordon, and Elvehjem (16) in following the changes in 
the coenzyme I content of the blood. They observed an increase 
in this compound of from 152 to 310 per cent, the peak value occur- 
ring 3 days after the first dose. In our experiments with three 


subjects, the peak value’ was always associated with the first 


’ For comparative purposes, only the increases in the concentration of 
nicotinic acid in the corpuscles should be compared with the reported in- 
crements of coenzyme I, since the latter is entirely in the erythrocytes. In 
our experiments there was an average maximal increase of 50 per cent in the 
corpuscular nicotinic acid concentration. 
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blood sample taken after dosage ceased. This difference may be 
due to the determination in our experiments of total nicotinic 
acid, whereas in theirs only the concentration of one of the nico- 
tinamide-containing coenzymes was estimated. The persistence 
of the elevated blood values (above 0.90 mg. per cent) is confirma- 
tory of the findings reported by the Wisconsin group (16) and by 
Kohn (17). The investigations from these other laboratories in 
which unrelated methods were used have shown the higher blood 
values to be due to a greater concentration of the nicotinamide- 
containing coenzymes in the erythrocytes. In our studies, no 
significant change was found in the plasma values during and 
immediately following dosage. The only increase occurred during 
the period coinciding with the marked drop in the nicotinic acid 
values for whole blood. This was observed in two of the three 
experimental subjects; its significance requires further study. 


SUMMARY 


Nicotinamide is stable in blood, stored at 5-8°, for a period of at 
least 5 days. The values for normal male adults vary from 0.54 
to 0.83 mg. per cent, with an average of 0.69 mg. per cent; for 
female adults the range of values extends from 0.52 to 0.74, with 
an average of 0.62. Approximately 90 per cent of the total blood 
nicotinic acid is in the corpuscles. In anemic blood samples the 
corpuscular nicotinic acid concentration is sufficiently high for the 
whole blood values to tend to remain in the normal range. In 
polycythemic bloods, there is a passive increase in the whole 
blood values due simply to the greater number of cells. A recently 
ingested meal, coffee drinking, and smoking do not affect appre- 
ciably the blood nicotinic acid values. When an oral test dose of 
nicotinic acid is taken by the fasting subject, there is a prompt 
increase in the blood values to a maximum, followed by a rapid 
return to values somewhat above the basal level. These changes 
are reflected in the urinary excretion figures. When the oral test 
dose of nicotinic acid is taken after eating, there is a slow increase 
in the blood nicotinic acid values, the maximum appearing fully 
2 hours after the maximal urinary excretion of the compound. 
The plasma (free nicotinic acid) values and not the whole blood 
figures coincide with both the extent of the urinary excretion of 
nicotinic acid and the severity of the unpleasant side reactions 
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associated with taking nicotinic acid. When the normal subject 
receives repeated doses of the compound, the elevated blood levels 
persist long after dosage has ceased. ‘There is a similarity in blood 
levels after nicotinic acid and nicotinamide ingestion; this is in 
marked contrast to the much lower urinary excretion following 
administration of the latter. Reproducibility data and recovery 
experiments with added nicotinamide and coenzyme I support the 
validity of the method and justify the conclusions drawn. 
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THE STRUCTURE OF CEPHALIN* 
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The chemistry of cephalin does not have the satisfactory agree- 
ment with theory which characterizes that of lecithin. The identi- 
fied cleavage products of cephalin differ from those of lecithin 
only in the type of fatty acid and base present. The work of 
isolation and identification of these cleavage products has been 
thoroughly reviewed in the monographs by MacLean and Mac- 
Lean (1) and Thierfelder and Klenk (2). The formula of cephalin 
has been arrived at by analogy with the rather well established 
formula for lecithin. This analogy would be valid if observed 
data such as elementary analysis and percentage recovery of fatty 
acids fell into line with the postulated formula as is the case with 
lecithin, but in most cases they do not. Rudy and Page (3) have 
obtained evidence of an alcohol-soluble cephalin, analysis of which 
agrees quite closely with values calculated for the accepted for- 
mula. It is the alcohol-insoluble compound, however, to which 
reference is herein made. 

Cephalin appears to behave in a different manner from lecithin 
both in vivo and in vitro. It plays an important réle in blood 
coagulation (4), while lecithin is totally inactive. It acts as an 
antioxidant, while lecithin does not (5). Sinelair (6) has shown 
that there are apparently two types of phospholipid, one which 
takes part in active metabolism and one which is structural or 
fundamental. As an example, the phospholipid of the red blood 
cells is mainly cephalin (probably structural) while that of plasma 


* The data in this paper are taken from the thesis submitted to the Divi- 
sion of Graduate Studies of The University of Rochester in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy. 
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is for the most part lecithin (probably metabolic). Because of 
the physiological importance of cephalin, it becomes increasingly 
important to know the reason for these differences as a possible 
explanation of its unique biological and chemical behavior. 

The first question to be answered is whether the failure of 
cephalin to give theoretical figures is due to the presence of impuri- 
ties. It is extremely difficult to purify cephalin, especially since 
the other accompanying lipids have similar solubilities. Table | 
shows clearly that small amounts of accompanying lipid impurities 
are not responsible for the divergence of theoretical from observed 
figures. Furthermore, by this method of cephalin preparation 
the other lipid material is removed almost entirely, as well as 


Tabie I 
Analytical Figures for Cephalin, Observed and Theoretical, Together with 
Figures for Other Phospholipids and Cerebrosides 


Material Cc H N P 

per cent per cent per cent per cent 

Cephalin, observed* 60.41 9.79 1.67 3.59 

= theoretical for stearyl- | 66.04 10.71 1.88 4.16 

linoleyl 

Lecithin, stearyl-linoley! 65.75 10.71 1.74 3.86 

Sphingomyelin, lignoceryl | 67.72 11.53 3.37 3.88 
Cerebroside, nervone 71.13 11.33 1.73 


* Averages from the literature (7-10, 3). 


water-soluble impurities which may have been adsorbed on the 
cephalin molecule. 

The amino nitrogen values obtained indicate that a very small 
amount of other lipids is present. In general, 90 per cent or more 
of the total nitrogen was in the amino form with a usual variation 
of 5 per cent and an extreme of 20 per cent. 

The second question is whether or not the presence of a group 
or groups capable of conferring on cephalin its observed proper- 
ties could be demonstrated; this has been done. 


EXPERIMENTAL 


Preparation of Cephalin—The method of isolating the cephalin 
from tissues was based on a method of Bloor (11). Inasmuch as 
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this procedure was used throughout the investigation, a specimen 
run will be given. 5 pounds of beef brains were freed of blood 
vessels and adhering tissues, cut up, run through a meat grinder, 
stirred up in 6 liters of 95 per cent alcohol, and allowed to stand 
overnight in the refrigerator. The next morning the mixture was 
warmed to 50° and filtered. The tissue was then divided into 
four portions. Each portion was extracted with boiling 95 per 
eent alcohol for 3 hours. 400 ce. of alcohol were used which was 
renewed hourly so that each portion was extracted with a total 
of 1200 ce. 

The alcohol extracts, including the original filtrate, were com- 
bined and all the alcohol distilled off under reduced pressure, care 
being taken not to let the temperature rise above 60°. The residue 
was in the form of a watery emulsion. This was extracted three 
times with petroleum ether. Moist ethyl ether was occasionally 
employed because the tendency to form emulsions was much less. 
The petroleum ether solution was precipitated with 3 volumes of 
acetone and the precipitate centrifuged off. After removal of 
the filtrate, the precipitate was scrubbed with acetone until no 
further coloring matter dissolved in the acetone. The acetone- 
insoluble material was dissolved in a minimal amount of petroleum 
ether and placed in the ice box overnight. Any white matter was 
centrifuged off. The solution was then reprecipitated with ace- 
tone, redissolved in petroleum ether, and the white matter allowed 
to settle out overnight in the cold. Three precipitations with 
acetone were carried out, followed by three precipitations with 
absolute alcohol; additional sphingomyelin and cerebrosides were 
allowed to settle out. After the 6th night of settling in the cold 
in petroleum ether solution, no more white matter could be ob- 
tained. Analysis of this material gave carbon 60.1, hydrogen 8.99, 
nitrogen 2.04, phosphorus 3.46,! amino nitrogen 2.02 (12), ash 12.0, 
and iodine number 75 (13, 14). The yield was 44 gm. 

Brain cephalin was a very hygroscopic, light colored powder, 
which darkened and quickly became sticky on exposure to air 
and moisture. Samples had most of their nitrogen in the amino 
form and gave 60 to 70 per cent fatty acids. The iodine number 
ranged from 65 to 100. Both beef heart and liver gave compounds 


' The microanalyses were carried out by Dr. L. T. Hallet of the Kodak 
Research Laboratories. 
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which, compared to brain cephalin, were much more highly 
colored; their phosphorus was much higher and, as would be 
expected, their fatty acid content was much lower. 

The occurrence of cephalin split-products in the liver cephalins 
was shown by a simple fractionation. Upon purification of the 
liver cephalin by emulsification with water, precipitation with 
hydrochloric acid, and shaking out with petroleum ether, a mate- 
rial was obtained (see Table II, Liver Fraction I) which differed 
markedly from the original material. On acetone precipitation 


Tasie Il 
Comparison of Analytical Figures of Cephalin from Various Sources. Effects 


of Various Procedures on Analytical Data 


Fatty Ash 


Material Cc H N P I No. | acids 
per cent per cent per cent per cent per cent per cent 
Heart 55.9 8.23 | 1.56 | 4.12 | 65.3 
Liver 51.52 | 7.43 | 1.88 | 3.31 | 69.1 | 59.0 
“ Fraetion I 57.32 8.18 | 1.25 | 3.20 | 90.3 | 69.0 
o > I! 51.8 7.43 1.23 | 38.6 | 43.4 
Brain, original 60.1 8.99 | 2.04 | 3.46 | 75.0 12.0 
“treated 62.0 9.39 | 1.85 | 2.93 
7 acetone-pptd. 60.0 9.12 | 2.08 | 3.38 
** hydrolyzed 73.26 | 10.83 | 0.44 
Calculated for oleic 
acid 76.95 | 12.07 
Brain, reduced 60.65 | 9.15 | 1.75 | 2.97 | 27.0 13.4 
- reprecipitated 61.10 9.85 | 1.14 | 3.89 
Calculated for disteary] 
cephalin, CaHs:N POs. | 65.73 | 10.98 | 1.87 | 4.15 76.0 


of the emulsified cephalin, another fraction (see Table II, Liver 
Fraction Il) was obtained which differed both from Liver Frae- 
tion | and from the original. 

To produce any change in brain cephalin by this procedure, it 
must be sufficiently rigorous to hydrolyze the material partially. 
For example, the sample of brain cephalin whose analytical figures 
have already been given was emulsified with water and then pre- 
cipitated by the addition of 3 to 4 volumes of water and a little 
hydrochloric acid. A sample of this material was then shaken for 
43 hours with acidulated (5 per cent HCl) water. It was then 
filtered, scrubbed with acetone, and dissolved in petroleum ether 
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(see Table II, brain, treated). Upon precipitation with acetone, 
the analytical figures were almost identical with the original 
material (see Table I], brain, original versus acetone-precipitated). 
Thus the portion of this material which had not been hydrolyzed 
was unchanged. There was no fractionation, as occurred in liver 
and also in heart cephalins. The petroleum ether-soluble portion 
(Table II, brain, hydrolyzed) gave a phosphorus-free material 
with negligible nitrogen content of which the carbon and hydrogen 
values are like those for the higher fatty acids; for example, those 
of oleic acid which are included in Table II for comparison. 

Reduced Cephalin—3 gm. of cephalin from the brain were dis- 
solved in 100 ec. of a mixture of half and half cyclohexane and 
glacial acetic acid. 0.2 gm. of Voorhees and Adams’ platinum 
oxide catalyst (15) was added and the reaction vessel continuously 
shaken until the solution no longer took up hydrogen. This took 
about 73 hours. The solution was heated to dissolve the reduced 
cephalin completely and to coagulate the catalyst. The solution 
was filtered hot. This material had an iodine number of 5.2. 

A second batch of 9.79 gm. of cephalin with 0.55 gm. of catalyst 
was allowed to reduce for 3 days. At this time the reaction was 
stopped and the material filtered. It was not completely reduced 
(iodine number 27), although in its physical properties it was 
similar to the other sample. A fraction was obtained by repre- 
cipitation from hot chloroform with methyl alcohol which gave 
increased phosphorus and decreased nitrogen values (see Table II). 
The calculated figures for distearyl cephalin are included for 
comparison. 

Reduced cephalin is a white, non-hygroscopic material unlike 
the synthetic saturated cephalin of Griin and Limpiicher (16) 
and of Kabishima (17), which in both cases is referred to as being 
quite hygroscopic. It is much less soluble than the unreduced 
compound, although in its composition no great differences could 
be detected. It is soluble in cyclohexane, toluene, hot glacial 
acetic acid, and hot chloroform; somewhat soluble in ether and 
petroleum ether; and insoluble in alcohol and acetone. Having 
no double bonds, it is exceedingly stable. It melts between 
156-162°. It is, however, amorphous, as shown by its x-ray 
diffraction pattern. In water-clear chloroform solution, it gives 
a Tyndall effect. 

While the existence of more than one type of cephalin has been 
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demonstrated (3, 18), in the classical, alcohol-insoluble cephalin 
more groups than have been already isolated can be demonstrated. 
The additional group or groups do not appear in the fatty acid 
fraction, which is already low. ‘Therefore, they must be sought 
in the water-soluble fraction of the molecule. This hypothesis 
is strengthened by the ultimate analyses of the compound, since 
the missing portion must be low in carbon and hydrogen, rich in 
oxygen, and therefore probably water-soluble. 

The water-soluble fraction was first tested with qualitative 
sugar reagents. When cephalin is hydrolyzed with dilute sulfurie 
acid, the water layer may or may not reduce alkaline copper 
reagents. However, if the solution is allowed to stand for a suffi- 
cient time, it will always reduce these reagents. For this reason 
the presence of sugars was at once suspected. The water-soluble 
hydrolysate was strongly positive with the hot iodoform reaction 
and with Fehling’s solution. Positive reactions were obtained 
from a-naphthol, thymol, and Benedict’s solution. Orcinol 
(Bial’s test) once gave a positive test on standing but was usually 
negative. The cold iodoform reaction was positive. Naphtho- 
resorcinol (Tollens’ reagent) gave a somewhat atypical positive 
test for glucuronic acid. Aniline acetate paper (furfural test) 
was positive on 5 to 10 minutes heating with concentrated HCl. 
Codeine phosphate (Denigés’ test for glucuronic acid (19)) was 
positive. On the other hand, negative results were obtained from 
the resorcinol (Seliwanoff’s test), p-bromo- and p-nitrophenyl- 
hydrazine, thiosemicarbazide, and the mucic acid test. Phenyl- 
hydrazine gave an unidentifiable precipitate. 

Although simple sugars must be absent, quantitative measure- 
ments of reduced copper (Bertrand) gave values from 2 to 5 per 
cent calculated as glucose, instead of the expected 18 per cent, 
indicating that the substance responsible for the reduced copper 
was not the primary compound, but the result of a secondary 
reaction. 

The reactions with orcinol, aniline acetate, naphthoresorcinol, 
and codeine sulfate made glucuronic acid a possibility. However, 
no osazone could be obtained. An attempt was then made to 
measure glucuronic acid quantitatively according to the method 
of Dickson, Otterson, and Link (20). The solution of cephalin 
was treated with 12 per cent HCl for 5 hours at 135° and the 
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CO, collected in a Truog absorption tower by means of Ba(OH)s. 
The excess hydroxide was titrated and the CO, calculated from 
the amount of BaCO; formed. 5 per cent CO, should have been 
found, assuming a uronic acid to be present. Actually in four 
runs 0.85, 1.23, 0.95, and 1.52 per cent, respectively, were found. 
Obviously there is no mole to mole relationship. This, taken 
with the fact that no osazone could be isolated, led to the exclusion 
of glucuronic acid. 

In every case, the presence of glycerophosphoric acid interfered 
with the isolation of a derivative when attempts were made to 
forn: salts of brucine, cinchonine, and quinine, as well as barium, 
calcium, zinc, and lead. On one occasion a brown, caramel-like 
substance was isolated. This substance was soluble in water, 
insoluble in aleohol, reduced Fehling’s solution, and was acid to 
litmus. It could not be further resolved. Small amounts of 
calcium and zine salts were isolated, but in insufficient quantities 
to give a clue as to the identity of the acids. p-Bromophenacyl 
bromide gave no crystalline derivative. 

An acid-water solution, giving a strong reduction with Fehling’s 
solution, was treated with copper sulfate and calcium hydroxide, 
to remove all reducing substances. Following the procedure for 
determining lactic acid (21, 22) a veratrole test was made which 
was positive. Attempts to isolate the aldehyde with dimethyl- 
dihydroxycyclohexane gave a precipitate but too little for identi- 
fication, nor could a derivative be obtained with either phenyl- 
hydrazine or its p-nitro derivative. 


DISCUSSION 


Cephalin, after care has been taken to exclude all known sub- 
stances likely to occur as contaminants, has essentially the same 
elementary analysis as has been reported by other workers. This 
ean only mean that some unknown substance, rich in oxygen and 
free from nitrogen and phosphorus, must be present, either as an 
impurity extremely difficult to remove, or as a part of the mole- 
cule of cephalin. 

Any contamination from other lipids would not cause the curious 
lowering of all analytical figures simultaneously. Lecithin can 
be obtained with figures which correspond quite closely to its 
formula, whereas cephalin figures are always lower than those for 
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lecithin (Table III). Oxidation does not account for this phe- 
nomenon, for (1) the fatty acid percentage is always too low and 
(2) the reduced cephalin shows the same discrepancy. Cuorin is 
not responsible, for it occurs preformed in liver and heart but not 
in brain. Furthermore, it is not formed during the isolation of the 
cephalin, since the most rigorous treatment given brain cephalin, 
lengthy shaking with 5 per cent HCI, although sufficiently severe to 
hydrolyze the molecule, failed to form any trace of cuorin. This 
points to the presence of an additional unknown compound, rich 
in oxygen. Furthermore, this oxygen-rich compound is of the 
hydroxy acid type. 

Evidence for this type of compound has accumulated. Thus, 
if the acid hydrolysate from cephalin is examined, it is found to 


TaB_e III 


Comparison between Observed and Theoretical Analytical Figures for Cephalin 
and Those for Lecithin 


Material Cc H ao 


per cent per cent per cent per cent 


Cephalin, found (brain) 60.1 8.99 | 2.04 3.46 
Calculated for stearyl-linoleyl.... 66.04 10.71 1.88 | 4.16 
Lecithin, found (23) .| 65.39 10.49 2.07 | 3.93 
Calculated for stearyl-linoleyl 65.75 10.71 1.74 | 3.86 


contain a reducing substance; the reduction increases on standing. 
If the reducing substance responsible is removed with a lime-copper 
sulfate mixture, more can be regenerated by treating with cold, 
concentrated H,SO,, suggesting a compound similar to lactic acid. 
This idea that the reducing compound is the result of a secondary 
reaction and is not the primary compound in the water layer is 
further emphasized by the fact that CO, produced by the treat- 
ment of cephalin with HCl, after the manner of Link, is such as 
to indicate the result of a secondary reaction. 


SUMMARY 


1. Cephalin, after care has been taken to exclude all known sub- 
stances likely to occur as contaminants, has essentially the same 
elementary analysis as has been reported by other workers. 

2. The discrepancy between calculated and actual analytical 
figures may be accounted for by the presence of an additional 
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group or groups, low in carbon and hydrogen, rich in oxygen. 
Evidence for the presence of such groups has been demonstrated. 

3. Cuorin is not formed during the process of lipid extraction, 
but exists preformed. It is present in heart and liver, but not 
in brain. 

4. Reduced cephalin does not differ from unreduced cephalin 
except in such physical and chemical properties as are inherent 
inits saturation. It is non-hygroscopic. 


The author wishes to thank Professor Walter R. Bloor and 
Professor Harold C. Hodge for criticism and advice. 
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Riboflavin, which is a vitamin for man (1), various lower animals 
(2-5), and bacteria (6), has been isolated from biological material 
in three forms, flavin nucleoside, 7¢.e. riboflavin (7), flavin mono- 
nucleotide (8, 9), and flavin-adenine dinucleotide (10). The 
mononucleotide in combination with a specific protein forms a 
pyridine nucleotide oxidase (8, 11, 12). The dinucleotide con- 
sists of the mononucleotide combined with adenylic acid, and 
when joined to various specific proteins forms the d-amino acid 
oxidase (10), the xanthine oxidase (13), and pyridine nucleotide 
oxidases (14-16). Since the dinucleotide has more functions and a 
wider distribution, it has been suggested that the mononucleotide 
is derived from it in preparation (14). 

Flavin-deficient diets decrease the tissue level of riboflavin in 
the dog (17) and rat (18-20), and of flavin-adenine dinucleotide 
in the rat (21). Rapid restoration of the dinucleotide level fol- 
lows the administration of riboflavin to deficient animals (21). 

The object of the present work is to furnish data indicating 
that the cells of normal human blood can synthesize flavin-adenine 
dinucleotide from riboflavin in vitro and in vivo. In addition, the 
fate of ingested riboflavin, as measured by urinary excretion, has 
been studied. 


EXPERIMENTAL 


Assay of Flavin-Adenine Dinucleotide—The method is based 
upon the alanine test of Warburg and Christian (10). Variations 
of the method have been used to measure the dinucleotide concen- 
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tration of animal tissues (21, 22), and in the purification of the 
pyridine nucleotide oxidase (16) and the specific protein of the 
d-amino acid oxidase (23). 

The procedure used in the present study was as follows: 0.2 ml. 
of cells or plasma was added to 1 ml. of water in the well of a 
Warburg vessel. The vessel was immediately placed in a water 
bath at 95-98° and after 3 minutes was cooled in cold water. 
0.8 ml. of 0.1 M pyrophosphate buffer, pH 8.3, was added, and the 
contents of the vessel stirred with a rod. Then 4 mg. of a prepa- 
ration of the specific protein of the d-amino acid oxidase dissolved 
in 0.3 ml. of water were placed in the well, and 0.2 ml. of 0.64 m 
dl-alanine in pyrophosphate buffer in the side arm. Alkali was 
put in the inset. The vessel was filled with oxygen. After tem- 
perature equilibration at 37.5° the alanine was tipped into the well, 
and the rate of oxygen uptake measured during a 30 minute period. 
The amount of dinucleotide in the material was obtained by a 
comparison of the rate it produced with the rates produced by 
known amounts of the dinucleotide. 

Duplicate determinations were run in all cases. The difference 
between duplicates in the assay of 0.2 ml. of cells was never more 
than 5 per cent, and in the assay of 0.2 ml. of plasma, 25 per cent. 
Nucleotide, in amounts from 0.03 to 0.15 y, added to the water 
before the material to be tested, or after heating, could be deter- 
mined with an error of not more than +5 percent. The rate and 
extent of oxidation of 0.5 and 1 mg. of d(—)-alanine in the presence 
of excess dinucleotide (80 y) were not affected by the presence of 
0.2 ml. of heated cells or plasma. These experiments show that 
there is no substance in heated blood which affects the oxidation 
of d(—)-alanine by the d-amino acid oxidase. 

The assay was not changed when the period of heating the 
diluted sample varied from 2.5 to 4 minutes, or when the diluted 
sample was allowed to stand 4 minutes before heating. In addi- 
tion, the assay was not changed by adding the material directly 
to hot water. 1 to 2 mg. of potassium oxalate per ml. of blood did 
not affect the assay of cells or plasma. 

That the substance in the cells giving the alanine test is flavin- 
adenine dinucleotide is indicated by the test itself and by the 
following. 100 ml. of cells were mixed with 100 ml. of water. 
Trichloroacetic acid (40 gm. per 100 ml.) was added until no more 
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precipitate was formed. The filtrate from this mixture was 
adjusted to approximately pH 6. 1 gm. of ammonium sulfate 
was added per 2 ml. of solution. The mixture was extracted three 
times with 3 ml. portions of liquefied p-cresol. The cresol extract 
was diluted with 2 volumes of ether and extracted several times 
with small portions of water. The color of the extract was yellow. 
It gave the alanine test. The extract was made just acid to Congo 
red paper with nitric acid. Silver nitrate was added. The pre- 
cipitate formed was collected and decomposed with hydrogen 
sulfide. The filtrate, which had a yellow color, gave the alanine 
test. No attempt was made to make these experiments quantita- 
tive. They indicate, however, that there is a substance in human 
blood cells that can be extracted with cresol, precipitated with 
silver nitrate in acid solution, and function in the alanine test. 
Flavin-adenine dinucleotide has these properties (10). 

The specific protein was prepared from pig kidney by the method 
of Warburg and Christian (10). The amount and purity of the 
dinucleotide standard, prepared from bakers’ yeast as the barium 
salt (10, 14), were estimated with the aid of the Coleman photo- 
electric spectrophotometer equipped with a 10 my slit and square 
cuvettes. The barium salt, at a concentration of 12.8 y per ml., 
had an extinction coefficient! of 0.167 at 450 mu. Pure riboflavin 
(Merck), concentration 10 y per ml. or 2.66 X 10-* M, had an extinc- 
tion coefficient of 0.437 at 450 mu. Since riboflavin and flavin- 
adenine dinucleotide have the same molar extinction coefficient? 
at 450 mu (10), the calculated concentration of dinucleotide was 
0.167/0.437 X 2.66 10-'m. The molecular weight of the barium 
salt is 920. The calculated concentration of the barium salt was 
9.34 y per ml. The purity was therefore 9.34/12.80 = 0.73. 

The absolute values reported in this work depend upon the 
purity of the standard. The relative values and the conclusions 
derived from them are independent of the purity. 

Assay of Riboflavin in Urine—By the method employed the 
increment in riboflavin excretion induced by dosage with the 


1 The extinction coefficient is the logarithm to the base 10 of the recip- 
rocal of the transmission, the diameter of the cell being taken as unity. 


It is proportional to the concentration. 
? The molar extinction coefficient is the extinction coefficient of a molar 


solution. 
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vitamin can be measured. This extra riboflavin was determined 
with the aid of the Coleman photoelectric spectrophotometer 
equipped with a 10 my slit and round cuvettes. The theory of the 
determination, based upon standard spectrophotometric prin- 
ciples, is as follows: 

For a sample of urine containing extra riboflavin, let 


Wt 


extinction coefficient of the sample at wave-length 1 


extinction coefficient of the sample at wave-length 2 


1) AF, = Ri + U, 
(2) Ey = Ri + U; 


where FR, and Re are the extinction coefficients of the extra ribo- 
flavin, and U’; and U, the extinction coefficients of the urine alone 
at wave-lengths 1 and 2 respectively. Let 

R, U; 


(3) R = Kr and (4) 7 = Ku 


From Equations 1 to 4 it follows that 
Kr 


= E, — E.Kv 
Kr — Kv 


(5) R, 


The concentration of extra riboflavin in the urine is given by 
(6) Concentration of extra riboflavin = R,; X A 


where A is the concentration of riboflavin per unit of extinction 
coefficient. 

The protocol in Table I contains the data of a typical deter- 
mination. F, and E, were obtained from measurements made 
upon a given sample of urine containing extra riboflavin. Kg, and 
A, which are constants, were obtained from measurements made 
upon solutions of riboflavin in water. The measurements needed 
to establish Ky cannot be made upon a sample of urine containing 
extra riboflavin. 

The Ky values used were obtained from measurements made 
upon urine collected before the ingestion of riboflavin. This 
involves the assumption that Ky is a constant for a given indi- 
vidual during the period of experimentation. This assumption 
seems justified, because the Ky, value for a given individual was 
relatively constant from day to day and for different periods of 
the same day. In addition, a change in K, produces a relatively 
smaller change in the calculated concentration of extra riboflavin. 
In the example given in Table I an increase in Ky from 0.40 to 
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0.50, i.e. of 25 per cent, would decrease the calculated concentra- 
tion from 0.037 to 0.035 mg. per ml. or 5 per cent. The maximum 
difference in the Ky values for the urines of the individuals 
studied was 0.05. 

445 my was chosen as wave-length 1, because riboflavin has its 
maximum absorption at this wave-length. Wave-lengths from 
370 to 400 mu were found suitable for wave-length 2; 390 my was 
chosen. All urines were adjusted to pH 5.1 to 5.3 before the 
optical measurements were made. Marked variations in pH, 
e.g. 3 and 8, produce a difference in the extinction coefficients of 


TaBLe I 
Determination of Extra Riboflavin in Urine 


Transmission | Extinction coefficient 





Sample Ei E: 
445 mu 390 mu —_—— | —_ 
45 me | 390 mp 
Control urine diluted 1:5 0.648 0.374 0.187 0.426 
Urine containing extra riboflavin | 0.350 0.410 | 0.455 0.387 


diluted 1:5 
Riboflavin in water, concentration | 0.280 0.431 0.553 0.365 


0.01 mg. per ml. 


0.553/0.365 = 1.51 A 0.01/0. 553 
0.187/0.426 = 0.44 R, = 0.402 


Kr 
Ky 


Concentration of extra | a 
riboflavin in urine — satin 0.553 * ° 0.0068 mg. per ml. 


urine, although Ky is not changed appreciably. After the pH was 
adjusted, the urines were suitably diluted, and the measure- 
ments made. 

Riboflavin added to urine to produce an extra concentration of 
0.001 mg. per ml. can be estimated with an error of +15 per cent. 
Urine containing 0.0001 mg. per ml. cannot be estimated with 
any reasonable accuracy. The deviation of the calculated value 
from the theoretical becomes less with increasing concentration 
of added riboflavin; e.g. +5 per cent at 0.01 mg. per ml. 

Synthesis of Flavin-Adenine Dinucleotide in Vitro—Defibrinated 
blood to which Ringer-phosphate solution or Ringer-phosphate 
solution containing riboflavin has been added was incubated in 
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stoppered test-tubes at 30-34°; sterile technique was employed. 
After various intervals the material was centrifuged, the cells and 
plasma separated, and aliquots of each were analyzed by the 
procedure described. The experimental details and the results 
are given in Table II. 


TABLE II 


Effect of Incubation with Riboflavin upon Flavin-Adenine Dinucleotide 
Concentration of Human Blood Cells and Plasma 


2 ml. aliquots of defibrinated blood plus either 0.1 ml. of Ringer-phos- 
phate solution (control) or 0.1 ml. of Ringer-phosphate solution containing 
riboflavin (experimental) were incubated at 30-34°. At the times indicated 
0.2 ml. of cells and plasma was assayed. 

100 y of riboflavin were added in Experiments 1, 2, and 3; 1 y in Experi- 
ment 4. The same sample of blood was used in Experiments 3 and 4. The 
blood used in Experiments 1, 2, and 3 was obtained from different indi- 


viduals. 
Cells Plasma 

. . Experi- 
Experi- | Ineuba- Control Experimental Control coanaah 

ment | on 4 
No. period Flavin- Flavin- Change n Flavin- Flavin- 
adenine adenine over —— 1 adenine adenine 
dinucleo- | dinucleo- |__ initial dinucleo-  dinucleo- 


tide tide value control tide tide 


hrs. ¥y per mi. | ¥ per ml, per cent per cent y perml. | > per ml. 


l 0 | 0.75 0.75 0.10 0.12 
5 0.72 0.93 24 29 0.10 0.10 
ll | 0.69 0.96 28 39 0.10 | 0.10 
an i of 0.69 —* 21 0.08 0.08 
2 0 | 0.75 0.79 0.10 0.11 
6 0.67 0.85 S 27 0.09 0.11 
ll 0.58 0.72 —9 24 0.08 | 0.09 
24 | COO.66 0.74 —6 12 
3 0 0.71 0.71 
24 0.64 0.81 14 27 
{ 0 0.71 | 0.71 
0.75 


24 0.64 


6 17 


The data in Table II show that a substance giving the alanine 
test was formed in human blood cells incubated with riboflavin; 
presumably it was flavin-adenine dinucleotide. The fall in the 
plasma level, which was not affected by the addition of riboflavin, 


was not of sufficient magnitude to account for the increase in 
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the cells. The initial values obtained in the present study are 
compatible with those found for ox and rat blood (21). 

From an analytical view-point it is of interest to note that the 
concentration of dinucleotide in the cells and plasma decreases 
with time, and that the presence of riboflavin does not affect the 
assay. 

Synthesis of Flavin-Adenine Dinucleotide in Vivo—A control 
sample of blood was taken, after which the subject drank a suspen- 
sion of riboflavin in water. No reactions of any kind were noted. 
At various times thereafter blood samples were taken for analysis, 
and more riboflavin ingested. The results are presented in 
Table III. 

The data in Table III, Experiments 1 and 2, indicate that the 
level of flavin-adenine dinucleotide in normal human blood cells 
and plasma is fairly constant. In view of the constancy of the 
normal level, the data show that the ingestion of riboflavin pro- 
duced an increase in the flavin-adenine dinucleotide concentration 
of the cells, but not of plasma. The increase was of the same order 
of magnitude as was obtained in vitro. The results in vivo and 
in vitro are in agreement, and indicate that the same process 
occurs in both cases. 

Assuming a cell volume of 3000 ml. for the subject of Experi- 
ment 3, Table III, it can be calculated that 0.32 mg., or 0.14 per 
cent, of the ingested riboflavin (226 mg.) was recovered in the 
cells as the dinucleotide. Jn vitro, in Experiment 4, Table II, 
1 yof riboflavin was added to blood, of which 0.054 y, or 5 per cent, 
was recovered as the dinucleotide. Increasing the concentration 
of riboflavin 100 times increased the amount of dinucleotide 
recovered to 0.082 y. 

3 or 4 days after the ingestion of riboflavin had been discon- 
tinued, the level of the dinucleotide returned to normal. 

In other experiments, in which 0.1 ml. of finger blood was used 
for assay, similar results were obtained. 

Excretion of Extra Riboflavin in Urine—Urine was collected 
during the course of Experiments 1, 2, and 3, Table III, and the 
extra riboflavin content determined by the method described. 
The data for Experiments 1 and 3 are presented in Fig. 1. 

The data in Fig. 1 show that a larger percentage and absolute 
amount of the riboflavin were excreted following successive doses, 
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particularly in the case of the subject of Experiment 1. The dif- 
ferences in the percentage and total excretion represented by 
Curves 1 and 4 indicate a difference in the original degree of 


TaB_e III 
Effect of Oral Ingestion of Riboflavin upon Flavin-Adenine Dinucleotide 
Concentration of Human Blood Cells and Plasma 

5 ml. of venous blood were taken in 5 mg. of potassium oxalate at the 
times indicated. The blood was centrifuged 25 minutes at 2000 R.P.M. 
0.2 ml. aliquots of cells and plasma were analyzed by the procedure de- 
scribed. The same subject was used in Experiments | and 2. The first 
assay in Experiment 2 was made 42 days after the last assay of Experiment 
1; the second assay in Experiment 2 was made | day later. 


Flavin-adenine dinucleotide 


Amount of 


Ex ; “ae riboflavin Time Cells Plasma 
Tr ingested 4 tema 
Assay Increase Assay 
mg. hrs. y per ml. per cent y per ml. 
l 100 0 0.81 0.14 
50 12.6 
50 22.2 
10 24 
35 0.95 17 0.11 
123 0.75 —7 0.10 
2 0 0.83 0.13 
iO 0 0.79 
5O 8 
5D 16 
5O 24 0.97 23 0.12 
30 0.92 16 
90 0.83 5 
180 0.80 ] 0.14 
3 100 0 0.74 0.14 
13 12.5 
13 13.5 
100 24.3 
29 0.96 30 0.11 
80 0.85 15 


192 0.75 1 0.14 


saturation of the tissues of the individuals studied. Of the 210 
to 226 mg. of riboflavin taken by the subjects, approximately 
20 to 25 per cent was recovered in the urine. In Experiment 2 
22 per cent of the ingested riboflavin was recovered in the urine. 
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During the periods of maximum excretion, 0.5 ml. of urine and 
0.5 ml. of saliva were tested for dinucleotide. If any was present, 
its concentration was less than 0.005 y per 0.5 ml. 
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Fic. 1. Renal excretion of riboflavin taken by mouth. The data pre- 
sented by Curves 1, 2, and 3 were obtained with urine collected during the 
course of Experiment 1, Table III; Curves 4 and 5, with uréne collected 
during Experiment 3. The curves represent the percentage of the ingested 
riboflavin that was excreted in the urine as a function of time. Curve 1, 
100 mg. of riboflavin were ingested at 0 hour. At 12.6 hours the excretion 
stopped. ‘The total excretion was6.9mg. The maximum rate of excretion, 
2.2 mg. per hour, occurred during the 2nd hour of this period. Curve 2, 
50 mg. more of riboflavin were ingested at 12.6 hours. The concentration 
fell to 0.03 mg. perml. at 22hours. The total excretion was approximately 
l4mg. Curve 3, 50 mg. more of riboflavin were ingested at 22.2 hours, and 
10mg. at 24 hours. The portion of the curve from 22.2 to 24 hours is calcu- 
lated on the basis of the 50 mg. dose, the rest of the curve on the basis of a 
60 mg. dose. At 29 hours the excretion had stopped. The total excretion 
was 21 mg. The maximum rate of excretion, 5.9 mg. per hour, occurred 
during the 2nd hour of this period. Curve 4, 100 mg. of riboflavin were 
ingested at Ohour. The concentration fell to 0.03 mg. per ml. at 12.5 hours. 
The total excretion was approximately 28 mg. The maximum rate of 
excretion, 6.0 mg. per hour, occurred during the 3rd hour of this period. 
13 mg. more of riboflavin were ingested at 12.5 hours and 13 mg. at 13.5 
hours. The excretion stopped at 24 hours. Curve &, 100 mg. more of 
riboflavin were ingested at 24.3 hours. The excretion stopped at 45.2 hours. 
The total excretion was 30.3 mg. The maximum rate of excretion, 4.6 mg. 
per hour, occurred during the 4th hour of this period. 
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That the substance excreted in the urine was riboflavin or a 
product of practically identical properties is indicated by the 
following experiments. (a) The substance could not be extracted 
from acidified urine with chloroform; therefore it is not allied 
to lumiflavin. (b) After illumination in alkaline solution a sub- 
stance could be extracted with chloroform from acidified urine; 
the optical properties of the chloroform extract were similar to 
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Fig. 2. Riboflavin in urine. The curves represent the extinction coeffi- 
cients of the solutions, diluted 1:5, at various wave-lengths. Curve 1, 
urine containing extra riboflavin. The calculated concentration of extra 
riboflavin in the undiluted sample was 0.0115 mg. per ml. Curve 2, extra 
riboflavin. The concentration of the solution was 0.0115 mg. per ml. 
Curve 8, urine alone. This is the curve of the sample of urine minus the 
extra riboflavin. Curve 4, control urine. 


those of lumiflavin. (c) Phenol extracts of urine had a yellow 
color, which, following the addition of ether, could be extracted 
with water. The aqueous extract had optical properties similar 
to those of riboflavin. The optical properties of the preparations 
could not be described exactly, because urinary pigment is ex- 
tracted under the same conditions. The presence of lumiflavin 
in the first preparation (6) and of riboflavin in the second (c) was 
indicated by the presence of maxima at approximately 370 and 
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450 my. (d) The extinction coefficient of a urine containing extra 
riboflavin is the sum of the extinction coefficients of the riboflavin 
and the urine alone. If the extinction coefficients of the calculated 
concentration of riboflavin at various wave-lengths are subtracted 
from the extinction coefficients of the mixture, the extinction 
coefficients of the urine alone are obtained. Data prepared in 
this way are given in Fig. 2. Comparison of the forms of Curves 
3 and 4, Fig. 2, shows that the pigment of a control urine and the 
one containing riboflavin are the same. This indicates that the 
substance measured has the optical properties of riboflavin. 


DISCUSSION 


The results obtained in the present work indicate that the level 
of flavin-adenine dinucleotide in human blood cells is increased 
by the ingestion of riboflavin. Since the phenomenon can be 
obtained in vitro, the synthesis must occur in the blood cells. 
When the administration of riboflavin is stopped, the level returns 
to its original value. Although the dinucleotide occurs in plasma, 
its level in the plasma is not affected by incubation with riboflavin. 

These results may be contrasted with those obtained in the 
synthesis of factor V (pyridine nucleotides) from nicotinie acid 
by human blood cells (24). The factor V concentration, in terms 
of diphosphopyridine nucleotide, is approximately 100 times that 
of the flavin dinucleotide. The increase in the concentration of 
factor V produced by the incubation of cells with nicotinic acid is 
of the order of 100 per cent, a larger synthesis than was found in 
the present experiments. The increase in factor V is accom- 
panied by an increase in the ability of the cells to oxidize lactate 
in the presence of methylene blue. This is due, presumably, to 
an increase in the concentration of diphosphopyridine nucleotide. 
Flavin-adenine dinucleotide is a component of the diphospho- 
pyridine nucleotide oxidase. The increase in the concentration 
of the flavin dinucleotide, however, is not accompanied by an 
increase in the ability of the cells to oxidize lactate and glucose 
in the presence of methylene blue. This shows that the concen- 
tration of the dinucleotide is not limiting in the oxidation of these 
substrates. 

The synthesis of diphosphopyridine nucleotide by the cell may 
be pictured as the conversion of nicotinic acid to the amide and 
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then the condensation of the amide, ribose, and phosphoric acid 
with adenylic acid. The synthesis of flavin-adenine dinucleotide 
would involve the condensation of riboflavin and phosphoric acid 
with adenylic acid. Since in animal experiments the alloxazine 
component of the flavin apparently cannot serve as a vitamin 
(25, 26), it may be suggested that the cell can couple ribose with 
pyridine nitrogen but not with alloxazine nitrogen. 

No function can be ascribed to the flavin or pyridine nucleotides 
of the blood cells on the basis of available data. The ability of 
the cells to synthesize and store the nucleotides may indicate 
that the cells serve to limit the loss of the vitamins by renal 
excretion. 


SUMMARY 


1. Human blood cells can synthesize flavin-adenine dinucleotide 
from riboflavin in vitro and in vivo. 

2. After the ingestion of approximately 200 mg. of riboflavin 
by mouth, approximately 25 per cent was recovered in the urine 
as riboflavin and 0.14 per cent in the cells as flavin-adenine di- 
nucleotide. The increase in the dinucleotide concentration in the 
blood cells was approximately 30 per cent. 

3. The concentration of flavin-adenine dinucleotide in urine 
and saliva after the ingestion of riboflavin is less than 0.005 y 
per 0.5 ml. 


We are indebted to Merck and Company, Inc., for a supply of 
pure riboflavin. 
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Several methods for the determination of potassium in biological 
materials have been described. According to the principal chem- 
ical reactions the most widely used methods may be classified into 
three groups, methods based on (1) the sodium cobaltinitrite 
reagent, (2) the silver cobaltinitrite reagent, and (3) the chloro- 
platinic acid reagent. Certain drawbacks in the first two methods 
lie in the fact that both the potassium sodium cobaltinitrite and 
the silver potassium cobaltinitrite compounds are said to be rather 
doubtful in composition (1-6). The ratio of sodium or silver to 
potassium is believed to vary according to their relative concen- 
trations in the sample and reagent, the temperature and rate at 
which the precipitation takes place, and the temperature at which 
the precipitate is dried. The interfering substances are iron, alu- 
minum, manganese, barium, calcium, magnesium, and copper (7). 
In principle, the chloroplatinate methods are by far superior to 
those based on the sodium or silver cobaltinitrite compound, be- 
cause K;,PtCl, has always a definite composition (8-11). Also, 
in this method, the number of interfering substances is smaller. 
Ammonium, alcohol, iron, copper, and ferrocyanide are said to 
interfere (9, 10). But since ashing is always employed with this 
method, ammonium and alcohol are destroyed, and iron and copper 
are converted into insoluble oxides in the process. However, the 
hitherto employed methods of ashing biological materials for po- 
tassium determinations are rather complicated. Shohl and Ben-- 
nett (10) and many others have found loss in potassium by the 
usual dry ashing procedure. Shohl and Bennett, therefore, first 
digest the sample with sulfuric acid, and then transfer it to a 
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platinum crucible for reashing and to drive off the sulfuric acid. 
Kramer (12) tries to avoid the loss of potassium by ashing in a 
platinum dish contained in a quartz dish. It is evident that these 
methods of ashing are too cumbersome, especially when many 
determinations must be made. Strauss (13) recommends the use 
of thorium nitrate to facilitate the ashing, but even with this aid 
the ashing is carried out at a temperature varying between 600 

750°, a temperature at which loss of potassium is unavoidable. 
Moreover, in all potassium determinations in which ashing is em- 
ployed, the ash must be subsequently transferred by washing into 
some other container, and frequently, after the solution has been 
evaporated to dryness, several further transfers combined with 
filtration are necessary. Under these complicated manipulations 
a loss of potassium is unavoidable, especially when one is working 
with very small amounts. 

A procedure therefore was devised in connection with the chloro- 
platinate method that obviates all the drawbacks connected with 
the methods of ashing and transfer hitherto employed. 

In this method the material is ashed in specially made nickel 
centrifuge tubes at a temperature of 465° + 10° in the presence 
of an oxidizing agent, the red mercuric oxide. This is done best 
in a muffle furnace equipped with a temperature control, 7.e. 
thermostat. The potassium in the ash is determined by Shohl and 
Bennett’s (10) colorimetric method. 

Reagents and Appliances 

1. A 10 per cent chloroplatinic acid solution, filtered and kept 
in the ice box. 

2. Standard potassium chloride solution. (a) A stock solution 
consisting of 0.7422 gm. of KCI dissolved in 100 cc. of distilled 
water and kept in an ice box. 1 cc. of this solution contains 4 mg. 
of K. (b) A dilute standard KCI solution for immediate use made 
up of 5 cc. of the stock solution diluted to 200 cc.; 1 ec. of this solu- 
tion contains 0.1 mg. of K. The solution is kept in the ice box. 

3. Half saturated (72 per cent) potassium iodide solution in a 
brown bottle. This keeps for about 6 months in a dark, cold 
place. 

4. 1 n HCl or H,SO,. 

5. Absolute alcohol. 

6. A3 per cent potassium-free gelatin solution. In connection 
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with ashing, gelatin is added to such samples as contain very little 
organic matter; e.g., urine and small samples of whole blood, also 
aqueous and vitreous humors, spinal fluid, and ascitic fluid. Its 
purpose is to prevent occlusion by inorgaine matter in the process 
of incineration and thus insure a more thorough ashing. The 
analysis of 0.8776 gm. of flake gelatin proved the latter to contain 
no potassium. 

7. Mercurie oxide. The red variety was always used. If HgO 
is unavailable, lead sesquioxide (PbeO;) may be used. 

8. Salit’s nickel centrifuge ashing tubes, 3.5 inches in length and 
? inch in diameter.!| The ashing tubes must never be allowed to 
come in contact with acids or strong alkalies. Immediately after 
use they are cleaned with brush and water; then the inside, es- 
pecially that of the lower part, is rubbed with fine emery applied 
by a cloth wrapped around an iron rod. After thorough rinsing, 
they are washed with soap and water and then rinsed with tap 
water, distilled water, and absolute alcohol. When they are 
thoroughly dry, they are tightly stoppered with cork stoppers and 
kept in a dry place until further use. 

9. Ordinary 15 ce. conical glass tubes, preferably with a slightly 
roughened inside surface near the tip to hold the precipitate in 
place when inverted. 

10. Stirring rods. No. 1, 7 inches in length and 1.0 mm. in 
diameter. No. 2, 7 inches in length and 2mm. in diameter. No. 
3, 7 inches in length and 3 mm. in diameter. The first two are 
made by softening a glass tubing in the flame and drawing it out 
until the requisite fineness is obtained. The glass filament is then 
cut into rods and the ends are sealed in the flame. 

11. A muffle furnace with thermostat.2 The maximum tem- 
perature that can be used with this particular thermostat is 537.8°. 
If the ordinary muffle furnace, with rheostat, is used, one must 
watch the temperature and keep it below 480°. 

Test experiments with this method were carried out on whole 
blood, serum, urine, and feces. 


' Manufactured by the Precision Scientific Company, 1750 North Spring- 
field Avenue, Chicago; approximate cost, $2.50 each. 

* The muffle furnace used in these experiments was made by Dr. Norman 
K. Ceaglaske, Professor of Metallurgy, Department of Chemistry, State 
University of Iowa, Iowa City. It costs considerably less than the usual 
muffle furnaces with rheostat. 
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Technique for Whole Blood—Samples of 2 cc. of a 1:5 dilution, 
equivalent to 0.4 cc. of whole blood, are pipetted into nickel centri- 
fuge ashing tubes. To each tube are added 2 cc. of a 3 per cent 
potassium-free gelatin solution and 2 cc. of absolute alcohol.* The 
mixture is evaporated to dryness in an electric drying oven at 
about 85°. That portion of the inside wall of the ashing tube 
covered by the residue is moistened with a few drops of absolute 
aleohol. Over this some mercuric oxide, equivalent in amount to 
a large wheat kernel or a small pea, is sprinkled from the point of 
a narrow knife blade or letter opener while the tube is held at an 
appropriate angle. The tubes are placed horizontally in the muf- 
fle furnace and the contents are allowed to ash overnight or some 
10 or 12 hours at a temperature of 465°. After cooling, the part 
covered by the ash is again moistened with absolute alcohol and 
covered with a small amount of mercuric oxide as before. Ashing 
is continued for another 10 or 12 hour period. After cooling, 8 ce. 
of cold distilled water are pipetted into each ashing tube. The 
contents are stirred with a No. 3 stirring rod with frequent rubbing 
of the sides fora few minutes. The tubes are stoppered and centri- 
fuged for 10 minutes at a speed of 4000 r.p.m. The supernatant 
fluid is decanted into a 15 ec. centrifuge tube, and an aliquot of 
5 cc. is pipetted into another 15 cc. centrifuge tube. This contains 
an equivalent of 0.25 ec. of whole blood. (If duplicates are run 
or other additional analyses, such as for sodium, are made on the 
same sample, 1 cc. of whole blood is pipetted into the nickel centri- 
fuge ashing tube. This is followed by the addition of 5 cc. of 
absolute alcohol, but the gelatin is omitted. After the contents 
are evaporated to dryness, the ashing is carried out as described 
in the first case. The ash is dissolved in 10 cc. of distilled water, 
the tube is centrifuged, and 2 cc., equivalent to 0.2 ec. of whole 
blood, are pipetted into a 15 ce. centrifuge tube.) At this point 
the following procedure is applicable in both cases. The contents 
of the centrifuge tubes are evaporated in an electric drying oven. 
At the same time, 4 cc. of a potassium standard solution, contain- 
ing 0.4 mg. of K, in another 15 cc. centrifuge tube are similarly 


3 Alcohol is added to distribute the contents of the ashing tubes over a 
larger area as well as to impart sponginess to the residue, both states being 
conducive to a more thorough ashing. This applies also to such materials 
as the aqueous and vitreous humors, spinal fluid, and ascitic fluid. 
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treated. To both the samples and the standard is added 0.2 ce. 
of a 10 per cent chloroplatinic acid solution. By means of fine 
glass rods (No. 1) the chloroplatinic acid is thoroughly mixed with 
the residue. The tubes, with the stirring rods remaining inside, 
are allowed to cool in the ice box for 5 minutes. By means of a 
pipette, 5 cc. of ice-cold absolute alcohol are blown into the tubes, 
and the contents are vigorously stirred with stirring rods. After 
the rods are rinsed with a few drops of absolute alcohol, the tubes 
are stoppered with cork stoppers and allowed to stand in ice-cold 
water in the ice box for 20 minutes. Meanwhile the brass centri- 
fuge cups are also cooled in the ice box and filled three-fourths 
full with ice-cold water. The tubes are centrifuged for 10 minutes 
at a speed of 4000 r.p.m. The supernatant alcohol is poured off 
and the tubes are placed in an inverted position on a piece of filter 
paper for a few seconds. The mouths of the tubes are wiped with 
filter paper, and the precipitate, with the help of a No. 2 stirring 
rod, is washed with 5 cc. of ice-cold absolute alcohol. The tubes 
are stoppered and centrifuged in precooled brass centrifuge cups 
as before. The supernatant alcohol is poured off and the tubes 
are placed in an inverted position on filter paper for a few seconds. 
After the mouths of the tubes have been wiped with filter paper, 
the tubes are placed horizontally in an electric drying oven and 
the precipitate is dried for a few minutes at a temperature of 65°. 
The precipitate is dissolved in about 5 cc. of distilled water, stirred 
constantly with a No.3 stirringrod. The tubes are filled to within 
1 inch from the top with distilled water from a wash bottle and 
stirring is continued for a few moments. The solution is trans- 
ferred to a 100 cc. volumetric flask through a small long stem 
funnel (reaching below the neck of the flask). The tube is 
rinsed thoroughly several times and the washings are transferred 
to the volumetric flask. Distilled water is added to make the 
volume approximately 90 cc. To the flask are added 4 ce. of 
1 n HCl (or H,SO,), and the contents are mixed. This is followed 
by the addition of 4 ec. of 72 per cent potassium iodide solution. 
Distilled water is added to the mark, and the flasks are well shaken. 
They are allowed to stand for half an hour in a dark place, after 
which they are again shaken. Shaking is repeated after another 
half hour’s standing. The solutions are then ready for colorimet- 
ric readings. If the reading of the standard of 0.4 mg. of K is 
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20.0 and that of the sample of 0.25 ec. of whole blood is 17.8, the 
calculation is as follows: 


20.0 0. 00 
20. Xx 4 X 1M = 179.8 mg. % K 


Recovery Tests—In these tests the samples were made up of 
standard potassium solution and blood in such proportions that 
each of the components represented approximately half of the 
total potassium content. The mixture was pipetted into the 
nickel centrifuge ashing tubes, evaporated, ashed, and carried 
through the rest of the process exactly as outlined for the pure 
blood sample. The results are listed in Table I. 

Technique for Animal Serum—Since, as a rule, animal serum is 
available in sufficient quantities, somewhat greater accuracy is ob- 
tained by using 2 cc. instead of 1 cc. After the serum is pipetted 
into the ashing tubes, 3 ec. of absolute aleohol are added to each 
tube. The mixture is evaporated to dryness. The residue is 
ashed in the manner described for whole blood, and the ash is dis- 
solved in 6 cc. of distilled water. After centrifuging, the super- 
natant solutions are poured off into small test-tubes. An aliquot 
of 5 cc., equivalent to 1.6667 cc. of original serum, is used for the 
analysis, as described for whole blood. 

Recovery Tests—The samples for ashing were made up partly of 
standard potassium solution and partly of serum in the same way 
as those for whole blood. The results are given in Table II. 

Technique for Human Serum—Since one has to be more econom- 
ical with human serum than with animal serum, only 1 ce. of the 
former is used. To the serum in the ashing tubes are added 5 cc. 
of absolute alcohol, and the mixture is evaporated to dryness. 
The residue is ashed as described for whole blood. The ash is dis- 
solved in 6 cc. of distilled water, the tubes are centrifuged, and the 
supernatant solution is poured off into small test-tubes. An ali- 
quot of 5 ec., equivalent to 0.8333 cc. of the original serum, is 
prepared for the analysis, as described for whole blood. A po- 
tassium standard containing only 0.3 mg. of K is used. The 
potassium chloroplatinate precipitates of both the standard and 
the samples are transferred to 50 cc. volumetric flasks by means 


‘ If possible, 1.5 ce. should be used. The ash is dissolved in 6 ec. of dis- 
tilled water. An aliquot of 5 cc. of this solution is equivalent to 1.25 ce. 
of the original serum. 
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of three washings. In order to leave space for the subsequent 
additions of 2 cc. of 1 N HCl and 2 ce. of 72 per cent KI solution, 


TABLE | 
Recovery Tests on Human Whole Blood 


Recovery tests, blood + K standard 
Subject No. epgmnent Rintied OO" SS ae 


: coleuinted K found bad 
mg. percent | mg. mg. 
I l 175.2 | 0.3469 0.3448 99.4 
2 174.4 0.3460 | 0.3448 99.7 
3 171.1 0.3424 0.3429 100.1 
4 173.6 0.3452 0.3429 99.3 
5 170.6 0.3418 | 0.3429 | 100.3 
6 175.4 0.3354 | 0.3315 | 98.8 
7 175.1 | 0.3801 | 0.3846 | 101.2 
8 171.3 | 0.3770 | 0.3797 100.7 
9 170.5 | 0.3763 0.3750 99.7 
II l 192.2 | 0.2741 | 0.2760 | 100.7 
2 191.3 0.2731 | 0.2760 101.1 
3 191.3 | 0.2731 0.2727 | 99.9 
‘ 190.0 | 0.2720 | 0.2727 | 100.3 
5 190.0 0). 2720 0.2727 | 100.3 
6 187.5 0.2700 | 0.2727 | 101.0 
7 191.3 | 
8 190.0 
9 191.3 | 
10 191.3 
1] 191.3 
TABLE II 
Recovery Tests on Ox Serum 
Recovery tests, serum + K standard 
Animal No. K in serum . en e WEerEsr ce 
K calculated K found Se 
mg. per cent mg. mg. 
I 31.0 0.4080 0.4081 100.0 
II 24.2 0.3536 0.3550 | 100.4 
III 42.1 0.4964 0.4918 99.1 


IV 25.7 0.3654 


0.3681 100.7 


the total amount of washings should not exceed 45 cc. The rest 
of the procedure is as described for whole blood. The results are 

















198 Microdetermination of Potassium 





somewhat less accurate than those on 2 cc. samples, but, on the 
whole, quite satisfactory, as is seen from the deviations of the 
mean of twenty-one determinations (Table III). 

Technique for Urine—First a 1:20 dilution of urine is prepared 
by diluting 5 cc. of urine to 100 cc. Exactly 5 cc. of this diluted 
urine, equivalent to 0.25 cc. of the original urine, are pipetted into 
ashing tubes. To the samples are added 2 cc. of 3 per cent 
gelatin solution, and the mixture is evaporated to dryness. Ash- 
ing of the residue is carried out exactly as described for whole 
blood. The ash is dissolved in 10 cc. of distilled water, and the 
tubes are centrifuged. The supernatant fluid is poured off into a 
test-tube, and an aliquot of 5 cc., equivalent to 0.125 cc. of the 
original urine, is evaporated in a 15 cc. centrifuge tube. The rest 


Tass III 
Deviations of Mean with 1 Ce. Serum Samples 


i | ne, oe | 3 } 
Experi- _Colori- Experi- | Colori- Experi- | Colori- 
ment Mean Mean (‘ment | Mean 


No. A. A deviation | No. sending deviation | No. A. deviation 
1 22.4 0 8 | 22.4 0 15 | 22.8 | 41.2 
2 | 22.3 | -0.6 9 | 22.6 | 40.8] 16 21.7 | —3.2 
3 | 22.4 0 10 | 2.1 +3.0 17 21.8 | —2.8 
21.9 | —2.4 11 | 22.3 —0.6 i8 22.7 +1.2 
5 22.3 —0.6 12 22.4 0 19 22.4 0 

6 23.1 | +3.0 | 13 22.4 0 20 22.5 | +0.3 

5 22.4 


7 22.6 | +0.8 14 22. 


+0.3 21 0 


| 
| 


of the procedure is the same as that described for whole blood, 
including a standard of 0.4 mg. of K and 100 ec. volumetric flasks 
for the final solution in which color is developed. 

Recovery Tests—The samples for ashing were made up partly of 
standard potassium solution and partly of urine in a similar way 
to those in the recovery tests for whole blood. The results are 
given in Table IV. 

Technique for Feces—Exactly 5 gm. of feces are transferred to 
a 100 ec. lipless glass cylinder. Distilled water is added to the 
100 cc. mark, and the cylinder is stoppered with a rubber stopper. 
The contents are well shaken and the cylinder is allowed to stand 
overnight at room temperature. After several more shakings, 5cc. 
samples of the emulsion are measured out into the nickel centrifuge 
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ashing tubes by means of a calibrated glass tubing, } inch in di- 
ameter and with the tip slightly constricted. This quantity of 


TaBie IV 
Recovery Tests on Urine 





Recovery tests, urine + K standard 





























Specimen No. Seoginest K in urine ‘ee 
| | | eatinea | Ktoone | Reset 
| mg. per cent mg. mg. 
I 1 | 383.2 0.3685 0.3640 98.9 
| 2 | 383.2 | 0.3685 0.3660 99.4 
3 | 384.6 | 0.5513 0.5464 99.1 
4 384.6 | 0.5513 0.5406 98.1 
Il 1 | 400.0 0.5000 0.5000 100.0 
2 | 400.0 | 0.5000 0.5031 100.6 
1) 1 | 398.0 | 0.4983 | 0.4969 99.7 
2 | 398.0 0.4983 0.4969 99.7 
a l 480.0 0.5667 0.5674 100.1 
2 | 472.0 0.5605 | 0.5661 101.0 
v | 1 | 39.0 0.3974 | 0.4054 | 102.0 
2 329.0 0.3974 0.3974 100.0 
| 3 | 329.0 0.3974 0.3974 100.0 
4 329.0 0.3179 0.3062 96.3 
5 | 329.0 0.3179 0.3191 100.4 
| 6 | 320.0 | 0.3179 0.3169 99.7 
VI 1 | 367.5 0.2188 | 0.2184 99.8 
2 | 367.5 | 0.2183 | 0.2184 | 100.1 
TABLE V 
Deviations of Mean in Experiments with Feces 
Experiment No. | K | Mean deviation 
mg. per cent per cent 
I | 369.9 —0.2 
2 372.1 +0.4 
3 | 369.9 | —0.2 
4 371.1 | +0.1 
5 | 369.9 —0.2 








emulsion is equivalent to 0.25 gm. of the original feces. To the 
emulsion in the ashing tubes are added 2 cc. of a 3 per cent gelatin 
solution, and the mixture is evaporated to dryness. The residue 
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is ashed exactly as described for whole blood. The ash is dissolved 
in 10 ce. of distilled water. After centrifuging, an aliquot of 5 ec., 
equivalent to 0.125 gm. of the original feces, is evaporated in a 
15 ec. centrifuge tube. The rest of the procedure is exactly as 
described for whole blood. 

No recovery tests were made on feces, but as is seen from the 
deviations of the mean of five feces samples taken from the contents 
of the same cylinder, the results are very satisfactory (Table V). 


SUMMARY 


A microcolorimetric method for potassium determinations in 
biological materials is described. The material is ashed in specially 
made nickel centrifuge ashing tubes in the presence of HgO at a 
temperature of 465°. The potassium in the soluble ash is deter- 
mined by an application of Shohl and Bennett’s colorimetric 
chloroplatinate method. 

Details are given for whole blood, serum, urine, and feces. 
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To distinguish them from the better known “alkaline” phos- 
phatases, phosphomonoesterases with optima on the acid side of 
neutrality are referred to as “acid’’ phosphatases (1). The quanti- 
tative determination of these enzymes in serum is of interest 
chiefly because (a) the acid phosphatase activity of normal blood 
serum (2-4) is attributed to distinct phosphomonoesterases of 
uncertain physiological significance (5), and (b) the blood serum 
of subjects with metastasizing carcinoma of the prostate gland 
contains an acid phosphatase (6) with properties corresponding 
to the enzyme found by Kutscher and Wolbergs (7) in normal 
prostate tissue and in seminal fluid. Invasion of the circulating 
fluids by carcinomatous prostate -tissue liberates prostate acid 
phosphatase into the blood where the enzyme can be identified 
and the source of the primary tumor so determined. 

The general principles underlying the determination of serum 
“alkaline” phosphatases apply also to the determination of serum 
“acid” phosphatases. We have adapted the King and Armstrong 
method for alkaline phosphatase (8) to the estimation of serum 
acid phosphatase activity (5, 6). Barringer and Woodard (9) 
have suggested a variant of the Bodansky method (10); Lund- 
steen and Vermehren (11) have modified their own method (12) 
for the same purpose. We wish to consider here certain specific 
conditions which must be satisfied in adaptations of this kind: 
(a) Since serum contains both alkaline and acid phosphatases, 
the former usually in great excess, hydrolysis must be conducted 
under conditions which are optimal for acid but completely inhibit 
alkaline enzymes. This involves a study of pH-activity relations, 
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particularly of pathological sera containing varying proportions 
of both enzymes. (b) The acid phosphatase activity of normal 
sera is extremely small. A number of substrate-buffer combina- 
tions in varying concentrations were investigated in order to 
obtain satisfactory colorimetric readings without having to hy- 
drolyze too long. After prolonged hydrolysis significant devia- 
tions from linear time-activity relations occur. 

Selection of pH—Fig. 1 illustrates the pH-activity relations of 
the serum acid phosphatases of principal interest, that normally 
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Fig. 1. pH-activity curves (0.005 m monopheny! phosphate substrate, 
0.2 m acetate buffer, ¢ = 37°). Curve 1, normal human serum, 3 hours 
hydrolysis; Curve 2, subject with metastasizing prostatic carcinoma, serum 
diluted 1:20, § hour hydrolysis. 


present (Curve 1) and that occurring in the serum of patients with 
metastasizing prostatic carcinoma (Curve 2). Under the stated 
conditions of hydrolysis, there is a rapid decline in activity out- 
side of the approximate limits of pH 4.0 to 6.0, the pH range 
suitable for estimating serum acid phosphatases as defined by 
optimal zones of activity. 

The curves in Fig. 1 are discontinuous in the region of neutrality, 
where alkaline phosphatase activity, though only .a fraction of 
that at the pH optimum, is nevertheless sufficient to be significant 


in relation to the acid phosphatase activity of most sera. In_ 


experiments such as those summarized in Table I, we have at- 
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tempted to determine how far on the acid side of neutrality inac- 
tivation of serum alkaline phosphatase is incomplete, particularly 
in sera extremely rich in alkaline phosphatase (Paget’s disease). 
The hydrolyses were conducted in the presence of 0.02 m NaF, 
which inhibited serum acid phosphatase to minimal activity (0.1 
to 0.2 unit at pH 5.0). The results with monopheny] phosphate 
substrate (Table I) show measurable activity of serum alkaline 
phosphatase as far as pH 6.0. Similar experiments with 8-glycero- 
phosphate substrate reveal measurable alkaline phosphatase ac- 
tivity at least as far as pH 6.0... Barringer and Woodard (9), 


TABLE | 


Activity of Serum ‘‘Alkaline’’ Phosphatase at Decreasing pH Levels; Serum 
“‘Acid’’ Phosphatase Inhibited by Fluoride 


0.005 m monopheny! phosphate substrate and 0.2 m acetate buffer were 
used in the presence of 0.02 m NaF; ¢ = 37°. The figures show the mg. of 
phenol liberated per hour per 100 ec. of serum. 





| ' 


* pH of substrate-buffer-serum reaction mixture as determined by glass 
electrode-vacuum tube potentiometer at 25°. At pH 9.4, veronal buffer 
was used. 


Serum aid 
3 ep-o-an merree ne aes 7 ae 
9.4 8.8 8.28 | 7.92 7.27 6.68 | 6.17 5.96 | 4.97 
1 | 64.2) 19.2) 15.9/ 14.3) 3.1 | 1.0 | 0.7 | 0.7] 0.2 
2 |434 [176 | 144 | 108 | 14.5 | 3.3 | 1.8 | 2.1] 0.1 
3 | 10.4 | | 26] 2.5/ 0.9 | 0.6 | 0.6 | 0.5] 0.2 





using $-glycerophosphate substrate, likewise noted appreciable 
serum alkaline phosphatase activity at pH 6.4. 

In view of the results indicated, we have elected to buffer at 
pH 4.9, which is within the zone of optimum activity of serum 
acid phosphatases and beyond the range of significant activity 
of serum alkaline phosphatases under the conditions of hydrol- 
ysis specified. 


' The substrate used affects the results of such experiments in two ways: 
As pointed out by King and Delory (13), and in accord with the Michaelis- 
Menten equation, the optimum pH for hydrolysis of phosphorie esters by 
alkaline phosphatase increases with increasing acidity of the ester; and the 
rate of decline in activity exhibited by alkaline phosphatase when buffered 
at increasingly acid levels decreases with increasing acidity of the ester. 
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Selection of Substrate—Within the same period of time, 2 to 3 
times as much phenol is split off from monopheny! phosphate by 
serum acid phosphatase at pH 5.0 as phosphate (expressed as 
inorganic phosphorus) from 8-glycerophosphate (Table II).2. With 
a-glycerophosphate substrate, the proportion in favor of mono- 
phenyl phosphate is even greater (5, 6, 11). Because of the low 
range of activity of most sera and the theoretical and practical 
advantages of short periods of hydrolysis, monopheny! phosphate 


TABLE II 


Comparison of B-Glycerophosphate with Monophenyl Phosphate As Substrate 
for Serum ‘‘Acid’’ Phosphatases; Comparison of Acetate and Citrate 
Buffers at pH 5.0 


The values are given in mg. of P or phenol per hour per 100 ec. of serum. 
£ £ I I I 


0.005 m monopheny! phosphate 


ou /60 8-glycero- | substrate 
phosphate sub- : ae d 
Serum No. SP 0.2 m acetic @.1 ‘taet b)/(a) (b)/(e) 
acetate buffer acid-acetate NaOH buts 
(a) (b) (e) 
mg. P mg. phenol mg. phenol 

” 525 1052 985 2.0 1.07 
2° 100 270 261 2.7 1.03 
3° 80 204 193 2.5 1.06 
i* 8.6 18.1 15.8 2.1 1.15 
§” 1.6 3.3 3.1 2.1 1.06 
6 1.1 3.0 1.9 2.7 1.58 
7 0.7 2.0 1.6 2.9 1.25 
8 0.8 2.0 1.4 2.5 1.43 


{ 


* Obtained from subjects with metastasizing prostatic carcinoma. 


would seem, therefore, to be particularly suitable for the estima- 
tion of serum acid phosphatases. Phenol can be quantitatively 
estimated in the hydrolysate with an accuracy at least as great 
as is possible with phosphate. 

The concentration of phosphoric ester substrate in the hydroly- 


* This ratio of about 2.5:1 is considerably less than that observed with 
phosphatases in alkaline medium, because at pH 5.0 the rate of hydrolysis 
of monopheny! phosphate is slower than that of 8-glycerophosphate (ef. 
(13)). 
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sis mixture is another factor determining the rate of scission, which 
increases with increasing molarity of the substrate. With 6-glyc- 
erophosphate, comparatively small increases in substrate concen- 
tration effect large differences in the amount of phosphate lib- 
erated. The rate of hydrolysis of monopheny! phosphate in acid 
medium, however, is much less susceptible to changes in substrate 
concentration; between 0.005 m and 0.01 m the differences in 
phenol split off are small (6). 

[Impurities in the disodium monopheny! phosphate employed 
as substrate affect the rate of liberation of phenol by alkaline 
(14, 15) and acid phosphatases. With sera of normal or moder- 
ately increased acid phosphatase activity, the use of pure disodium 
monopheny! phosphate (for which we are indebted to Mr. H. 
Scharer) gave values up to 15 per cent higher than those obtained 
with commercial products. In sera exhibiting marked acid phos- 
phatase activity, however, the increase did not exceed 4 per cent. 

Selection of Buffer—In estimating serum acid phosphatases with 
monopheny! phosphate substrate, it was found that acetate-acetic 
acid, citrate-NaOH, succinic acid-borax, veronal-acetic acid, or 
glycine-HCl could be employed to buffer at pH 4.9. With #glye- 
erophosphate substrate, a variety of buffers could also be used but 
difficulties arise, as for example with citrate buffer; in 0.1 M con- 
centration, the development of color in determining liberated 
phosphate with molybdie acid is inhibited (16) (0.04 citrate, 
however, does not inhibit color development and is an adequate 
buffer (5)). 

With monopheny! phosphate substrate, acetate-acetic acid buf- 
fer (suggested by Lundsteen (16)) consistently gave higher values 
for serum acid phosphatase activity than did citrate (Table II) 
and was our buffer of choice for many purposes. In subjects 
with metastasizing prostatic carcinoma the differences in values 
obtained with these two buffers was small ((b)/(c), Table ID), 
whereas in patients with other bone conditions and in normal 
subjects the differences were large; 7.e., 0.1 mM citrate appreciably 
inhibits the activity of serum acid phosphatases other than the 
prostate acid phosphatase which appears in the serum in associa- 
tion with metastasizing prostatic carcinoma. This observation 
is of interest in two connections: In doubtful cases, it permits the 
differentiation of prostate acid phosphatase from other acid phos- 

















206 ‘‘Acid’’ Phosphatases of Blood Serum 


phatases in the serum; and by means of citrate buffer it is possible 
to establish a sharper critical level for diagnostic purposes (3.0 
units of acid phosphatase activity per 100 cc. of serum). For 
example, with acetate buffer the serum of a patient with Paget’s 
disease (Serum 6, Table II) gave a value of 3.0 units, within the 
range of values obtained with metastasizing prostatic carcinoma, 
but with citrate buffer gave a value of only 1.9 units. The serum 
of a patient with metastasizing prostatic carcinoma (Serum 5, 
Table II) gave a value of 3.3 units with acetate buffer, 3.1 units 
with citrate buffer. 

Selection of Method—It appeared from the foregoing experiments 
that the principles of the King and Armstrong method for deter- 
mining alkaline phosphatase activity (8) could be applied advan- 
tageously to the estimation of serum acid phosphatases. The 
results of recent critical studies and suggested variants of the 
King and Armstrong method (17-19, 15) were taken into account 
in our adaptation. 

Reagents— 

1. Buffer-substrate (0.005 mM monophenyl phosphate, 0.1 mM 
citrate at pH 4.9). Mix equal parts of Solutions A and B as 
needed; check pH. 

Solution A. Dissolve 1.09 gm. of disodium phenyl phosphate 
(obtainable from Eimer and Amend, New York) in 500 cc. of water. 

Solution B. Dissolve 42.0 gm. of crystalline citric acid in water, 
add 376 cc. of 1 Nn NaOH, make up to 1 liter. Adjust the pH to 
4.9 with NaOH or HCl as needed (when colorimetric methods are 
used, nitrazine (Squibb) is a convenient indicator). Preserve in 
well stoppered bottles in a refrigerator. 

2. Phenol reagent of Folin and Ciocalteu (20). The stock rea- 
gent is prepared as described by Folin and Ciocalteu, kept in a 
well stoppered, amber bottle, and for use diluted 1:3. 

3. Sodium carbonate (20 per cent solution). 

4. Standard phenol. For the stock solution, which keeps indefi- 
nitely, dissolve 1 gm. of crystalline phenol in 0.1 n HCl and make 
up to 1 liter with 0.1 n HCl. Standardize by the convenient 
method of Koppeschaar (21). From this stock phenol solution, 
a diluted phenol solution containing exactly 10 mg. of phenol 
per 100 ec. is made up; it remains stable for months in the 


refrigerator. 
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5. Standard phenol solution and reagent. To 1 cc. of diluted 
phenol solution in a test-tube, add 6 cc. of distilled water and 
3 cc. of diluted phenol reagent. Prepare shortly before use. 


Procedure 


Two test-tubes, each containing 10 cc. of buffer-substrate solu- 
tion, are kept in a water bath at 37° for about 5 minutes. Pipette 
exactly 0.5 ec. of the serum to be tested into each tube, stopper, 
mix, and incubate at 37° for 3 hours. Then remove the tubes 
from the water bath, at once add 4.5 cc. of diluted phenol reagent, 
mix, and filter. To two control tubes each containing 10 cc. of 
buffer-substrate solution add 0.5 cc. of the serum and at once add 
4.5 ec. of diluted phenol reagent, mix, and filter. 

Pipette 6 cc. of each of the test and control filtrates into test- 
tubes, add 1.5 cc. of 20 per cent sodium carbonate solution, and 
mix. To the standard phenol solution and phenol reagent (No. 5) 
prepared shortly before, add 2.5 cc. of 20 per cent sodium car- 
bonate solution and mix. Place test, control, and standard 
tubes together in the water bath for 5 minutes to develop the 
color, cool about 20 minutes, and compare in the colorimeter.* 
(Although the color is not maximally developed, the standard, 
test, and control tubes are all made up at the same time and read 
within a few minutes of each other.) The unknown is placed in 
the left cup of the colorimeter and set at 30. The standard is 
placed in the right cup, which is adjusted to match the unknown. 


Calculation 


The results are expressed in units of acid phosphatase activity 
per 100 cc. of serum. A unit is defined as that degree of acid phos- 
phatase activity which at 37° will liberate from the specified buffer- 
substrate solution (pH 4.9) 1 mg. of phenol in 1 hour. The units 
of phosphatase activity in 100 cc. of serum = mg. of phenol 
present in 100 cc. of serum after hydrolysis minus mg. of “phenol” 
in 100 cc. of the non-incubated control serum divided by the number 


*The Evelyn photoelectric colorimeter can be used advantageously. 
Proceed as indicated, except allow the color to develop 1 hour for stabiliza- 
tion. The readings are approximately 10 per cent higher than with the or- 
dinary colorimeter. 
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of hours of hydrolysis. To calculate the mg. of phenol in 100 ce. 
of serum before and after hydrolysis, 


Reading of standard 
Reading of unknown 





X strength of standard X 


final volume of unknown 100 
final volume of standard ce. serum used 





With the unknown set at 30, the standard containing 0.1 mg. 
of phenol and the reagents used in the proportions indicated, this 
equation becomes 


Reading of standard 7.5 15 
x 0.1 X —— xX ——— X 100 
30 12.5 6 X 0.5 





which cancels out to “reading of standard.”” The final result, 
units of acid phosphatase activity per 100 cc. of serum, is obtained 
as follows: reading of standard against incubated serum minus 
reading of standard against control serum divided by the number 
of hours of hydrolysis. 

With sera of increased acid phosphatase activity it may be more 
convenient to set the unknown at 20, 15, or 10, and use the 
appropriate factors 3/2, 2, or 3. In the case of sera with very 
high acid phosphatase activity (when the reading of standard is 
over 60), there is marked inhibition of hydrolysis by the products 
of scission and to obtain optimal values it is necessary to reduce 
the time of hydrolysis. When } hour’s hydrolysis still gives too 
high readings, the serum must be diluted appropriately with 
physiological saline solution and the determination repeated, 
including controls with the diluted serum. Over periods of hy- 
drolysis from } to 3 hours, time-activity curves are linear except 
with sera very high in acid phosphatase activity, and these are 
linear if diluted as indicated. Significant deviations from Beer’s 
law were not observed. 


Results 


In the past 2 years, we have employed the method described 
in over 500 determinations of serum acid phosphatase activity 
in a variety of conditions. Agreement between duplicates is usu- 
ally within 0.2 unit in the normal range and better than 5 per cent 
in sera with elevated values. The normal range was found to be 
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0.5 to 2.0 unit per 100 ec. of serum, with increases to several 
hundredfold in subjects with metastasizing prostatic carcinoma 
(22, 23). 


SUMMARY 


Optimal conditions of hydrolysis in the estimation of serum 
“acid’”’ phosphatases were determined. The King and Armstrong 
method for ‘alkaline’ phosphatases was adapted to the estima- 
tion of serum “‘acid’”’ phosphatases. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LXI. THE POLYSACCHARIDE OF THE PHOSPHATIDE OBTAINED 
FROM CELL RESIDUES IN THE PREPARATION OF 
TUBERCULIN* 


By R. J. ANDERSON, ROBERT L. PECK,t ano M. M. CREIGHTONTt 


(From the Department of Chemistry, Yale University, New Haven) 
(Received for publication, July 8, 1940) 


It has been shown in earlier investigations (1) that the phos- 
phatide of the human tubercle bacillus is easily saponified when 
treated with dilute alkali at room temperature and that the cleavage 
products consist of about 64 per cent of fatty acids and about 40 
per cent of water-soluble substances. The compounds soluble in 
water consisted of inorganic and organic phosphoric acids and a 
phosphorus-containing polysaccharide. The polysaccharide could 
be dephosphorylated by heating with dilute ammonia in a sealed 
tube. The phosphorus-free polysaccharide, on hydrolysis with 
dilute acid, gave only mannose and inosite in the ratio of 2:1. 
The polysaccharide was therefore regarded as a new glycoside 
which was named manninositose, but, since it did not crystallize, 
its purity could not be established. 

The cleavage products of the polysaccharide mentioned above 
were different from those obtained when the phosphatide was 
hydrolyzed directly with dilute aqueous acid (2). In the latter 
case the fatty acids were split off and the polysaccharide com- 
ponent was hydrolyzed completely, yielding inorganic and organic 
phosphoric acids, together with inosite, mannose, and some other 
reducing sugar which gave glucosazone on treatment with phenyl- 
hydrazine. 


* The present report is a part of a cooperative investigation on tubereu- 
losis; it has been supported partly by funds provided by the Research 
Committee of the National Tuberculosis Association. 

t Holder of a National Tuberculosis Association Fellowship in Chem- 
istry at Yale University, 1939-40. 
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In view of the difference in the simple carbohydrates produced 
from the polysaccharide on acid hydrolysis and after alkaline 
saponification, it appeared of interest to study the composition of 
manninositose more closely, but to do so would require larger 
quantities of phosphatide than were available. That used in pre- 
vious investigations had been prepared from living tubercle bacilli 
especially provided for our work by the H. K. Mulford Company 
and by Sharp and Dohme, but at such high cost that a cheaper 
source was desired. The bacillary residues which are a by-product 
in tuberculin manufacture and in the production of the purified 
protein derivative, PPD, of Seibert and coworkers (3) yield a 
phosphatide which at first appeared to be identical in properties 
with the original product. It will be shown in the present report, 
however, that the polysaccharide which was isolated after the 
phosphatide had been saponified with alkali was not identical with 
the glycoside described under the name of manninositose. 

Two phosphatide preparations were used that had been prepared 
from two separate lots of bacterial residues. The polysaccharides 
from each preparation on being heated to 170-—180° with 14 per 
cent ammonia did not yield identical cleavage products and they 
also differed in the ease with which the phosphorus was split off. 
After dephosphorylation the first polysaccharide gave inorganic 
phosphate, inosite, and a glycoside which on hydrolysis gave ap- 
proximately equal parts of mannose and some other reducing sugar 
from which glucosazone was obtained on treatment with phenyl- 
hydrazine. The second polysaccharide gave inorganic phosphate, 
inosite, and a glycoside which on hydrolysis vielded about equal 
parts of inosite, mannose, and some other reducing sugar. The 
glycoside manninositose (1) which we obtained in our earlier in- 
vestigations after the polysaccharide had been dephosphorylated 
could not be found. The dissimilarity in cleavage products ob- 
served in the present investigations must depend upon differences 
in linkage of the carbohydrate molecules in the polysaccharides. 


EXPERIMENTAL 
The bacterial residues used in this investigation were derived 
from a strain of the human tubercle bacillus which was obtained 


from the Bureau of Animal Industry and designated by Sharp and 
Dohme as Strain 2067. Two separate lots of residues were ex- 
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tracted at different times. Both lots of bacilli had been grown 
on the Long (4) synthetic medium for periods of about 8 weeks, 
after which the cultures were heated to 100° for 3 hours and after- 
wards held in a refrigerator at 3-5° for about 1 week. The bac- 
terial cells, after being filtered off and washed with a phosphate 
buffer solution, were heated in an autoclave to 120° for 30 minutes. 
We are indebted to Sharp and Dohme, Glenolden, Pennsylvania, 
for this material. 

The extraction of the bacterial residues and the separation of 
the lipids into phosphatide, acetone-soluble fat, and wax were 
carried out as described in former papers (5). 


Phosphatide I 


The phosphatide from the tubercle bacilli residues was a nearly 
white granular powder which melted with decomposition at 204 
205°; when rubbed up with water, it formed a colloidal solution. 
On analysis the following values were obtained: P 3.52, N 0.61, 
ash 12.02 per cent. 


Saponification of Phosphatide I 


For saponification 40.0 gm. of the phosphatide were dissolved 
in 400 cc. of benzene and to the solution were added 7.0 gm. of 
potassium hydroxide dissolved in 50 cc. of warm absolute alcohol. 
When the solutions were mixed, the color turned light orange and 
after a few minutes a gelatinous precipitate began to separate. 
After the mixture had stood at room temperature for 2 days, the 
solution had set to a stiff gel. When it was warmed slightly, 
the gel dissolved, leaving a finely divided precipitate. Since it 
was impossible to filter off the precipitate, the mixture was trans- 
ferred to a separatory funnel, diluted with water, and acidified 
with acetic acid. After the mixture had been thoroughly shaken, 
the aqueous layer was drawn off and extracted twice with ether. 
The aqueous solution was examined for carbohydrate, etc., as will 
be described later. 


Isolation of Fatty Acids 


The ethereal extracts and the benzene solution obtained as above 
were combined and evaporated to dryness. The residue was re- 
fluxed for 2 hours with alcoholic potassium hydroxide, after which 
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the fatty acids were isolated in the usual manner and dried. The 
acids formed a slightly brownish solid at room temperature and 
weighed 26.6 gm., which is equal to 66.5 per cent of the phospha- 
' tide. The acids were investigated as will be described in a sep- 
arate paper. 
The Water-Soluble Compounds. Isolation of Phosphoric Acids— 
The ether-extracted aqueous solution was concentrated in vacuo 
to a volume of about 25 cc. and neutralized with ammonia, after 
which a solution of neutral lead acetate was added until no further 
precipitate separated. The lead salts were filtered off, washed 
with water, and decomposed in aqueous suspension with hydrogen 
sulfide. After the lead sulfide had been filtered off, the filtrate 
| was concentrated in vacuo to a volume of about 20 ec. and neu- 
| tralized with barium hydroxide. A white precipitate of barium 
phosphate separated, which was filtered off, washed with water, 
and dried in vacuo; it weighed 0.48 gm. The filtrate was diluted 
with 2 volumes of alcohol, whereupon a white flocculent precipitate 
appeared, which was collected, washed with alcohol, and dried 
in vacuo. This substance, which consisted of the barium salt of 
an organic phosphoric acid, weighed 0.36 gm. It was dissolved 
in water, filtered from a trace of insoluble matter, and reprecipi- 
tated by adding 2 volumes af aleohol. The snow-white amorphous 
powder weighed 0.27 gm., and gave a strongly positive Scherer 
reaction, indicating an inosite phosphoric acid. For analysis the 
substance was dried at 78° in vacuo. 
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CesH1,0sPBa (395.4). Calculated. Ba 34.75, P 7.84 
Found. *€ 35.78, 35.79: **8.18, 8.27 


Isolation of Polysaccharide 


The polysaccharide contained in the filtrate from the lead salt 
mentioned above was precipitated by means of basic lead acetate 
and ammonia in the usual manner. The filtrate was examined 
for glycerol, as will be described later. 

The lead precipitate was decomposed with hydrogen sulfide. 
The filtrate was concentrated in vacuo to a thick syrup and the 
latter was dehydrated by grinding in a mortar under absolute 
alcohol until a white powder was obtained. The product weighed 
6.9 gm. The alcoholic solution on evaporation to dryness left 
a syrupy residue weighing 0.9 gm. which was not examined. 
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Examination for Glycerol—The filtrate from the basic lead ace- 
tate precipitate was concentrated in vacuo until the free ammonia 
was removed, after which the lead was removed with hydrogen 
sulfide. The filtrate was concentrated in vacuo to a syrup, mixed 
with an excess of barium hydroxide solution, and freed of pre- 
viously combined ammonia by distillation under reduced pressure. 
The barium was then precipitated quantitatively with sulfuric 
acid, and the filtrate concentrated in vacuo toa syrup. The syrup 
gave no Molisch reaction, thus indicating absence of carbohydrate, 
but it contained much potassium acetate. It was dissolved in 
alcohol and concentrated hydrochloric acid was added in slight 
excess. Potassium chloride was filtered off and the filtrate was 
concentrated in vacuo to a thick syrup. The syrup was treated 


Tass I 
Cleavage Products from 40 Gm. of Phosphatide I 

















gm. 

Fatty acids | 26.6 
Polysaccharide, white powder 6.9 
" as syrupy residue 0.9 
Glycerol nT 3.1 
Inorganic barium phosphate... . 0.48 
Barium salt of organic phosphoric acid 0.36 
Total recovered... 38.34 





repeatedly with absolute alcohol in order to remove the remain- 
ing potassium chloride and evaporated to dryness in vacuo. The 
syrupy residue weighed 3.1 gm. and consisted of crude glycerol, 
identified by means of the tribenzoyl derivative which melted 
at 76°. 

The cleavage products obtained from 40 gm. of the phosphatide 
are given in Table I. The apparent loss would be covered largely 
by the inorganic basic constituents of the ash in the phosphatide. 


Dephosphorylation of Polysaccharide 


The polysaccharide mentioned in a preceding paragraph was a 
white, amorphous, somewhat hygroscopic, powder which showed 
an acid reaction to litmus. It gave no reduction with Fehling’s 
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solution until it had been boiled for several minutes with dilute 
sulfuric acid. 


Analysis—Found, P 7.94, N 3.94 


The phosphorus was split off when 5 gm. of the polysaccharide 
dissolved in 20 cc. of 14 per cent ammonia were heated in a sealed 
tube to 170° for 8? hours. The straw-colored solution was trans- 
ferred to a distilling flask and concentrated in vacuo until the free 
ammonia was removed, after which a slight excess of barium hy- 
droxide was added. The precipitate of barium phosphate was 
filtered off, washed with water, and dried. It weighed 3.9 gm. 

The filtrate was concentrated in vacuo until the ammonia was 
removed, after which the excess of barium was removed quantita- 
tively with sulfuric acid, and the filtrate was treated with norit. 
The colorless filtrate was concentrated to a thick syrup in vacuo. 
Very soon large, colorless, plate-shaped crystals began to separate. 
After complete crystallization the crystals were stirred up with 
cold 50 per cent alcohol, filtered off, and washed with 50 per cent 
alcohol, and with aleohol. The dried crystals weighed 1.07 gm. 

The filtrate on evaporation to dryness left a glassy mass that 
weighed 2.5 gm. and was free from phosphorus and nitrogen. 
This material was treated as will be described later. 

Identification of Inosite—The crystalline substance mentioned 
above after two recrystallizations from water by the addition of 
alcohol was obtained as colorless prismatic crystals that weighed 
1.0gm. The crystals gave the reaction of Scherer and melted at 
225°. A mixed melting point with inactive inosite showed no de- 
pression. The substance was therefore pure inosite. 


Acetylation of Non-Crystalline Material 


The non-crystalline fraction, 2.5 gm., was acetylated in a mix- 
ture of pyridine and acetic anhydride. The reaction mixture was 
poured into dilute sulfuric acid and the acetyl derivative was ex- 
tracted with chloroform. On evaporation of the solvent the re- 
sulting thick gum (4.4 gm.) was dissolved in about 10 cc. of methyl 
alcohol and very soon colorless prismatic crystals began to separate. 
The crystals were filtered off after the solution had stood in the 
refrigerator for 3 days, and washed with cold methy! alcohol. 
The filtrate and washings were concentrated to a thin syrup and 
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again cooled in the refrigerator, when another small crop of crystals 
was obtained. The two crops of crystals weighed 0.32 gm. and 
consisted of inosite hexaacetate, m.p. 211-212°. The reaction of 
Scherer was positive. 

The filtrate on evaporation to dryness left a colorless, glassy 
mass which weighed 3.9gm. The substance was extremely soluble 
in the usual organic solvents except petroleum ether and could not 
be crystallized from any solvent. A concentrated solution in 
methyl alcohol when mixed with cold water gave only a milky 
emulsion from which no solid particles separated. 

The acetyl value was determined. 


Analysis—Found, CH;CO 56.1 


Saponification of the Acetyl Derivative—Since it was impossible 
to crystallize the acetyl derivative, it was saponified by refluxing 
in methy! alcoholic solution with aqueous barium hydroxide. The 
free carbohydrate was isolated as a colorless glassy mass which 
weighed 1.9 gm. All attempts to crystallize it were unsuccessful 
but a solid fraction was finally obtained as follows: The substance 
was dissolved in 4 cc. of water and 5 ec. of aleohol were added. 
The faintly cloudy solution was poured into 150 ce. of absolute 
alcohol, whereupon a fine amorphous precipitate separated. The 
precipitate was collected, washed with absolute alcohol, and 
dried in vacuo. The snow-white powder, designated Fraction I, 
weighed 0.92 gm. 

The alcoholic solution on evaporation to dryness left a sticky, 
gum-like residue which weighed about 1 gm. This material was 
designated Fraction IT. 


Examination of Carbohydrate Fraction I 


The substance had no melting point. Heated in a capillary 
tube, it began to swell at 150-160° and there was slight efferves- 
cence at 217-220°. The Scherer reaction was negative; hence in- 
osite was absent. It gave no reduction with Fehling’s solution. 
When it was refluxed with 5 per cent sulfuric acid, the maximum 
reduction was obtained in 2.5 hours and amounted to 56 per cent, 
calculated as mannose. 

Rotation—0.1705 gm. of substance dissolved in water and di- 
luted to 10 ce. gave in a 1 dm. tube a = +1.26°; hence [a]? = 
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+73.9°. There was no mutarotation. The substance was very 
soluble in water and insoluble in alcohol and it could not be erys- 
tallized. 

Hydrolysis of Fraction I. Isolation of Mannose Phenylhydra- 
zone—For the hydrolysis 0.2234 gm. of Fraction I was dissolved 
in 20 ec. of 5 per cent sulfuric acid and the solution was refluxed 
for 4 hours. After the sulfuric acid had been removed quantita- 
tively with barium hydroxide, the solution was concentrated in 
vacuo to 8 cc. and mixed with 0.3 gm. of phenylhydrazine dis- 
solved in a few drops of alcohol. The crystalline hydrazone which 
separated weighed 0.1741 gm. and after recrystallization from 60 
per cent alcohol melted with decomposition at 195-196°; there was 
no depression of the melting point on admixture with pure mannose 
phenylhydrazone. 

If the carbohydrate had been hydrolyzed only into mannose, 
the yield of mannose phenylhydrazone should have been 0.3526 gm.., 
but the actual yield of hydrazone was only about one-half of this 
amount. Accordingly, some other sugar must have been 
formed also. 

The excess of phenylhydrazine was removed with benzaldehyde, 
after which the solution was thoroughly extracted with chloroform 
and concentrated in vacuo to a thick syrup which could not be 
crystallized. This was insoluble in absolute alcohol, neutral to 
litmus, and strongly reduced Fehling’s solution. The reaction of 
Scherer was negative, thus showing that inosite was absent. 

To the syrup in 2 cc. of water 0.3 gm. of phenylhydrazine hydro- 
chloride and 0.4 gm. of sodium acetate were added and the mix- 
ture was warmed until the reagents had dissolved. No hydrazone 
separated, thus indicating that mannose had been removed com- 
pletely. When the solution was heated in a boiling water bath, 
a small amount of an osazone separated, which, after recrys- 
tallization from 50 per cent alcohol, melted with decomposition 
at 208°. The melting point corresponds to that of glucosazone. 

The results obtained indicate that the carbohydrate of Fraction 
I gave about equal parts of mannose and some other reducing 
sugar on hydrolysis. 


Carbohydrate Fraction II 


The substance after it had been dried to constant weight at 
78° in vacuo formed a transparent glassy mass. 
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Rotation——-0.1013 gm. of substance dissolved in water and diluted 
to 10 cc. gave inal dm. tube a = +0.43°; hence [a]”® = +42.4°. 

For hydrolysis 0.8780 gm. of the carbohydrate was refluxed for 
3.5 hours in 25 cc. of 5 per cent sulfuric acid and the reaction mix- 
ture was worked up as described for Fraction I. In this case the 
yield of mannose phenylhydrazone, m.p. 195-196°, was only 0.2 
gm. ‘The filtrate from the hydrazone gave 0.12 gm. of glucosa- 
zone, which melted with decomposition at 208°. 

It is evident from the results obtained that the carbohydrate 
fractions differed in composition. Both fractions when hydrolyzed 
gave mannose and some other reducing sugar, but in very differ- 
ent amounts. The mannose was easily identified as the phenyl- 
drazone, but the nature of the mixture of other sugars remains 
unknown except for its ability to yield glucosazone. 


TaBLe Il 
Cleavage Products from 40 Gm. of Phosphatide II 











gm. 

Fatty acids 26.9 
Crude polysaccharide as syrup 9.2 
“glycerol 1.95 
Inorganic barium phosphate 0.30 
Barium salt of organic phosphoric acid 0.27 
Total recovered 38 .62 


Phosphatide IT 


In order to check the results reported above a new lot of poly- 
saccharide was prepared from Phosphatide II which had been 
obtained from a separate lot of bacterial residues of Strain 2067. 

The saponification of 40 gm. of the phosphatide, which appeared 
to be identical in properties with Phosphatide I, was carried out 
exactly as described before. In this experiment the gelatinous 
precipitate that separated could be filtered off and was washed 
with benzene and with ether. In order to remove adhering fatty 
acids the precipitate was dissolved in water, acidified with acetic 
acid, and extracted with ether. The fatty acids and the water- 
soluble components were isolated in the same manner as in the 
first experiment. The amounts of cleavage products obtained are 
given in Table II. 

The barium salt of the organic phosphoric acid was combined 
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with a similar barium salt obtained after the polysaccharide had 
been treated with alcoholic potassium hydroxide and was exam- 
ined as will be described later. 

The glycerol was identified by means of its tribenzoate. 

The fatty acids were combined with those obtained in the first 
experiment and examined as will be described elsewhere. 

Examination of Polysaccharide—In an earlier investigation (1) 
it had been observed that an organic phosphoric acid was split 
off when the polysaccharide was treated with alcoholic potassium 
hydroxide; hence the same reaction was carried out in the present 
case. The crude polysaccharide was suspended in 300 cc. of 1 per 
cent alcoholic potassium hydroxide and the mixture was refluxed 
on a water bath for 2 hours. The polysaccharide which remained 
as an insoluble powder in the alcohol was filtered off and washed 
with aleohol. 

The alcoholic solution was saturated with carbon dioxide and 
the potassium carbonate which separated was filtered off and dis- 
carded. The filtrate was evaporated in vacuo to dryness and the 
residue was extracted with absolute alcohol. A syrup weighing 
0.3 gm. was obtained on evaporation of the alcoholic extract. 
The syrup when heated with acid potassium sulfate gave a strong 
odor of acrolein, thus indicating the presence of glycerol. 

The polysaccharide was dissolved in a little water and the solu- 
tion, after being neutralized with acetic acid, was mixed with an 
excess of neutral lead acetate and the precipitate of water-insol- 
uble lead salts of inorganic and organic phosphoric acids was 
filtered off and washed with water. 

The polysaccharide was isolated from the filtrate by the usual 
basic lead acetate-ammonia procedure, and after dehydration by 
grinding under absolute aleohol was obtained as a white powder 
which weighed 4.5 gm. It contained phosphorus and nitrogen. 


Analysis—Found, P 4.55, N 1.27 


The alcoholic mother liquor and washings which remained after 
the polysaccharide had been dehydrated were examined as will be 
described later. 

Dephosphorylation of Polysaccharide—-In previous experiments 
we have always found that the phosphorus is removed completely 
when the polysaccharide, dissolved in 14 per cent ammonium 
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hydroxide, is heated for about 8 hours in a sealed tube at a tem- 
perature of 160-170°. In the present experiment, however, the 
phosphorus was found to be more firmly combined and it was nec- 
essary to heat the polysaccharide, dissolved in 14 per cent am- 
monium hydroxide, four times in sealed tubes before all of the 
phosphorus was split off. The first two periods of heating were 
for 8 hours each at 165-170° and the last two periods were for 6 
hours each at 180°. 


Isolation of Inosite 


After the phosphorus had been split off, the reaction mixture 
was freed of ammonia and phosphoric acid exactly as described in 
a preceding paragraph and the solution after being decolorized 
with norit was concentrated in vacuo to a thick syrup. Crys- 
tallization began very soon and after 24 hours the crystals were 
stirred up with cold 60 per cent alcohol, filtered, washed with 
aleohol, and dried. The yield was 0.7985 gm. and after recrys- 
tallization from water by addition of alcohol 0.73 gm. of snow- 
white prismatic crystals was obtained. The substance gave the 
Scherer reaction and melted at 225°; there was no depression of 
the melting point when the substance was mixed with inactive 
inosite. 

Acetylation of the Non-Crystalline Portion of Carbohydrate—The 
filtrate and washings from the inosite crystals on evaporation to 
dryness left 1.87 gm. of a non-crystalline residue. This substance 
was acetylated in pyridine and acetic anhydride and the acetyl 
derivative was isolated as described before. The derivative which 
weighed 3.4 gm. was crystallized from 10 cc. of methy! alcohol, 
and the product was washed with cold methyl alcohol. The fil- 
trate was examined as will be described later. The snow-white 
erystals weighed 0.746 gm. and on recrystallization from methyl 
aleohol 0.6 gm. of colorless prismatic crystals was recovered. 
Heated in a capillary tube, the substance began to sinter at about 
80° and on continued heating it fused to a nearly transparent mass 
which crystallized at 150—160° and then melted gradually at about 
190°. The crystalline form appeared to be identical with that of 
inosite hexaacetate but the peculiar melting point showed that 
the crystals were not pure inosite hexaacetate and it was thought 
that the substance might have been incompletely acetylated. In 
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order to insure complete acetylation the crystals as well as the 
material recovered from the mother liquors were combined and 
refluxed for 2 hours in acetic anhydride containing fused sodium 
acetate. The acetylation mixture after being concentrated in 
vacuo was shaken with water until the acetic anhydride was de- 
composed. The solid acetyl derivative that separated was filtered 
off, washed with water, and dried in vacuo. The substance which 
weighed 0. 6685 gm. was crystallized from methy! alcohol and gave 
Fraction I, 0.4 gm., as colorless prismatic crystals. Heated in a 
capillary tube, the powdered crystals nearly melted at about 100° 
but at 150° the melt crystallized and fused to a colorless melt 
between 180—190°. 

The mother liquor on concentration deposited colorless pris- 
matic crystals, Fraction II, 0.15 gm., which partly melted between 
80-100°, became transparent at about 130°, and flowed into a 
colorless melt at 180°. 

The peculiar melting points of the crystals would indicate that 
the substance was not homogeneous. Both fractions gave the 
Scherer reaction, thus indicating the presence of inosite. 

Saponification of Acetyl Derivative—Fraction I, 0.1076 gm., and 
Fraction IT, 0.0956 gm., were saponified with barium hydroxide 
in dilute alcoholic solution. Found, CHsCO 51.76 and 51.18 
per cent. 

The saponified solutions were combined and the barium was 
removed quantitatively with sulfuric acid, after which the solution 
was concentrated in vacuo to a thin syrup. On standing, crystals 
separated which were collected and washed with cold 50 per cent 
aleohol. The dried crystals weighed 42 mg. and after recrystalli- 
zation melted at 223-224°. The Scherer reaction was positive. 
The substance therefore was inosite, which must have been present 
in the crystalline substance as inosite hexaacetate. 

The mother liquors from the crystalline inosite were concen- 
trated in vacuo and gave 192 mg. of a syrup. The latter was 
hydrolyzed by refluxing with 5 per cent sulfuric acid for 3 hours, 
after which the sulfuric acid was removed quantitatively with 
barium hydroxide; the solution was concentrated in vacuo to a 
small volume, and treated with phenylhydrazine. The mannose 
phenylhydrazone that separated melted, after recrystallization, 
with decomposition at 195-196°. 

The excess of phenylhydrazine was removed in the usual man- 
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ner and the solution on concentration to a syrup yielded 15 mg. 
of crystalline inosite. The mother liquor contained reducing 
sugar which when heated with phenylhydrazine hydrochloride and 
sodium acetate gave an osazone which resembled glucosazone in 
crystal form, but the amount obtained was too small for adequate 
purification. ‘The crude osazone melted with decomposition at 
190-192°. 

The results recorded would indicate that the crystalline acetyl 
derivative was a mixture of inosite hexaacetate and an acetyl de- 
rivative of a polysaccharide which on hydrolysis gave inosite, man- 
nose, and some other hexose. 


Non-Crystalline Portion of the Acetyl Derivative 


The filtrate and washings from the crystalline acetyl derivative 
described above were evaporated to dryness in vacuo and gave 
2.72 gm. of a non-crystalline gum. 


Analysis—Found, CH;CO 57.6 


Since it was impossible to obtain this fraction in either a crys- 
talline state or as a solid powder, it was saponified with barium 
hydroxide; the free glycoside was isolated as described above as 
a non-crystalline gum weighing 1.6 gm. In aqueous solution 
[a], = +64.0° without mutarotation. The substance gave the 
Scherer reaction and on hydrolysis with 5 per cent sulfuric acid 
the maximum reduction was attained in 3 hours and amounted to 
55.4 per cent, calculated as mannose. 

After complete hydrolysis the following cleavage products were 
isolated as previously described. 


per cent 
NN is) a. ib. fva viewed. aaew. .Leeu OLE Sales ee 37.0 
Crystalline inosite........... FO See A 23.2 
Non-crystalline reducing sugar........................-.. 36.7 


The non-crystalline reducing sugar was obtained after the man- 
nose had been precipitated as the phenylhydrazone and after the 
inosite had been separated by crystallization. The specific op- 
tical rotation of the dried substance was +6.1°, thus indicating 
that it was not glucose. However, when the sugar was heated 
with phenylhydrazine and acetic acid, a good yield of glucosazone 
was obtained, m.p. with decomposition 208-209°. 

Examination of Phosphoric Acids—The water-insoluble lead salts 
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obtained after the polysaccharide had been refluxed with alcoholic 
potassium hydroxide, as mentioned in a preceding paragraph, were 
suspended in water and decomposed with hydrogen sulfide. The 
filtrate from the lead sulfide was concentrated in vacuo to a thin 
syrup and mixed with 95 per cent alcohol. A slight amount of 
insoluble matter was filtered off and discarded. The alcoholic 
solution was strongly acid in reaction and on neutralization with 
barium hydroxide gave a white amorphous barium salt, 2.64 gm., 
which was treated with 25 cc. of water. The insoluble portion, 
0.4 gm., was evidently barium phosphate, since it gave a strong 
reaction for inorganic phosphate. 

The filtrate was diluted with an equal volume of alcohol, which 
caused a white amorphous precipitate. The substance which 
weighed 2.12 gm. was combined with the 0.27 gm. of a similar 
water-soluble barium salt mentioned earlier and dissolved in 15 
cc. of water. The solution was filtered from a trace of insoluble 
material and diluted with 30 ce. of aleohol. The resulting pre- 
cipitate was collected, washed with 75 per cent alcohol, and with 
alcohol. The snow-white amorphous powder, 2.25 gm., was easily 
soluble in water and on reprecipitation with aleohol was recovered 
quantitatively. 

For analysis the substance was dried at 78° in vacuo over de- 
hydrite. 


Found, Ba 39.85, P 9.33 


The substance gave the Scherer reaction, thus indicating the 
presence of an inosite phosphoric acid. An attempt was made 
therefore to hydrolyze the acid and to identify such cleavage 
products as might be formed. 

The barium salt, 2.0 gm., was dissolved in a little water and 
20 ec. of 5 per cent sulfuric acid were added. After the barium 
sulfate had been removed, the solution was refluxed for 3 hours, 
after which the solution was neutralized with barium hydroxide. 
The precipitate was centrifuged off and tested for inorganic phos- 
phate but only a trace was present; the organic phosphoric acid 
had therefore been hydrolyzed to a very small extent. 

The barium salt of the organic phosphoric acid was recovered 
from the centrifugate by adding 2 volumes of alcohol. The white 
precipitate was collected and washed with 75 per cent alcohol and 
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with absolute alcohol. After being dried in vacuo the snow-white 
powder weighed 1.5 gm. The substance was reprecipitated from 
water by addition of alcohol as mentioned above and the recovery 
was quantitative. The salt was analyzed after it had been dried 
at 78° in vacuo. 

Found, Ba 37.10, P 9.15 


The substance gave the Scherer reaction and evidently repre- 
sents a slightly impure sample of barium inosite monophosphate. 

The alcoholic mother liquor from the barium salt was examined 
but the only substance that could be identified was a small quan- 
tity of crystalline inosite. 


Alcoholic Mother Liquor from the Polysaccharide 


The alcoholic mother liquor after dehydration of the crude 
polysaccharide was acid in reaction. It was concentrated to a 
thick syrup and the latter was dehydrated a second time by grind- 
ing under absolute alcohol. A small amount of alcohol-insoluble 
substance was filtered off and the filtrate was concentrated in 
vacuo to a syrup. The latter was dissolved in water and neutral 
lead acetate was added until no further precipitate was obtained. 
The lead salt was filtered off and washed with water, after which it 
was decomposed in aqueous suspension with hydrogen sulfide. 
The filtrate was concentrated in vacuo to about 25 cc. and neutral- 
ized with barium hydroxide. The water-insoluble barium phos- 
phate that separated was filtered off and the filtrate was diluted 
with 2 volumes of alcohol, which caused a white amorphous pre- 
cipitate. The precipitate was washed with dilute alcohol and with 
alcohol and dried in vacuo. It weighed 0.7 gm., and was easily 
and completely soluble in water. The Scherer reaction was nega- 
tive. The substance was analyzed after it had been dried at 78° 
in vacuo. 

Found, Ba 44.87, P 9.60 


These values correspond closely with the calculated composi- 
tion of barium glycerophosphate. 
C;H;O¢PBa (307.4). Calculated, Ba 44.70, P 10.08 


The results of the examination of the water-soluble barium salts 
associated with the polysaccharide indicate that two types of or- 
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ganic phosphoric acids were present, namely inosite monophos- 
phoric acid, and glycerophosphoric acid. 


DISCUSSION 


The results of the present investigations on the composition of 
the polysaccharide of the phosphatide fractions isolated from tu- 
bercle bacilli residues are difficult of interpretation. However, one 
fact stands out clearly and that is that the carbohydrates of the 
two phosphatides did not give identical cleavage products. Fur- 
thermore the carbohydrates were quite different from the sub- 
stance which was formerly described under the name of manninosi- 
tose. The reason for the variations in composition that we have 
observed may depend upon one of two things, (a) different car- 
bohydrates may be formed by the bacillus or (6) the configuration 
of the carbohydrate may have been changed during the heating 
and autoclaving of the bacilli in the preparation of tuberculin. 
We can offer no other explanation, because both carbohydrate 
fractions had been subjected to the same reactions that in earlier 
experiments had always led to the isolation of manninositose. The 
results can only be regarded as curious facts that must be taken 
into consideration in future investigations on the composition of 
the polysaccharide components of the phosphatide of the human 
tubercle bacillus. 


SUMMARY 


1. The polysaccharide fractions of the phosphatides prepared 
from bacterial residues from tuberculin manufacture are not iden- 
tical with the polysaccharide contained in the phosphatide pre- 
pared from living tubercle bacilli, Strain H-37. 

2. Two polysaccharide fractions isolated from two phosphatide 
preparations gave different cleavage products. 

3. The first polysaccharide gave on dephosphorylation free in- 
osite and a glycoside which on hydrolysis gave mannose and some 
other reducing sugar. 

4. The second polysaccharide gave on dephosphorylation some 
free inosite and a glycoside which on hydrolysis gave about equal 
parts of inosite and mannose, together with some other reduc- 
ing sugar. 
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5. The reducing sugars other than mannose gave typical glu- 
cosazones. 

6. Neither of the polysaccharides from the bacterial residues 
gave the glycoside manninositose. 

7. The organic phosphoric acids separated from the polysaccha- 
rides were of two kinds: (a) an acid corresponding approximately 
in composition to inosite monophosphoric acid, and (b) an acid 
corresponding in composition to glycerophosphoric acid. 
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STUDIES ON 8-GLUCURONIDASE 


III. THE INCREASE IN 8-GLUCURONIDASE ACTIVITY OF 
MAMMALIAN TISSUES INDUCED BY FEEDING 
GLUCURONIDOGENIC SUBSTANCES 


By W. H. FISHMAN 


(From the Department of Biochemistry, University of Toronto, 
Toronto, Canada) 


(Received for publication, July 11, 1940) 


In an earlier paper (1) from this laboratory methods of prepara- 
tion and partial purification of extracts of animal tissues contain- 
ing 8-glucuronidase and a method for the quantitative determina- 
tion of the activity of such extracts were described. More 
recently, a kinetic study of several factors which affect the hy- 
drolytic action of the enzyme on menthol, borneol, and estriol 
glucuronides was made (2). These studies were undertaken to 
provide an experimental approach to an investigation of the 
metabolism of estriol glucuronide in the body, since it seemed 
possible that this metabolism might be controlled by a glucu- 
ronidase. Before proceeding further it was considered desirable 
to investigate the réle of the enzyme in the detoxication mecha- 
nisms of the body. 

It is well known (3) that the amounts of certain enzymes in 
microorganisms may be markedly increased by adding substrates 
for the enzymes to the media in which the microorganisms are 
grown. However, at the time when the present study was com- 
menced the only observation known to the author which suggested 
that in mammalian tissue an increase in enzymic activity might 
be effected by the presence of its substrate was that of Weinland 
(4) who found sucrase in the blood of a dog following the injection 
of sucrose.! 


! Since the commencement of this work, Leloir and Mufioz (5) have pub- 
lished figures showing that the power of kidney tissue to oxidize ethanol is 
considerably increased by previous administration of ethanol to the ani- 
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Until it has been experimentally demonstrated that §-glu- 
curonidase can catalyze the synthesis in vitro of conjugated glu- 
curonides, the probable réle of the enzyme in effecting the 
conjugation of toxic substances with glucuronic acid in animal 
tissues must remain in some doubt. However, it was considered 
justifiable to assume as a working hypothesis that 8-glucuronidase 
does play such a réle and therefore it was decided to carry out 
experiments to show whether or not the oral administration of 
large amounts of glucuronidogenic substances would induce an 
increase in the enzyme content of animal tissues. 

Experiments upon dogs fed with borneol were first carried out.? 
The results strongly suggested that the administration of borneol 
had caused a substantial increase in the 6-glucuronidase content 
of several tissues. It was soon apparent, however, that, in the 
interests of economy and general convenience, it would be neces- 
sary to work with smaller laboratory animals in order to obtain 
a sufficient number of observations to permit definite conclusions 
to be drawn. Accordingly a micromethod for the estimation of 
8-glucuronidase activity was devised; this made it possible to 
carry out experiments on mouse tissue. It was considered that 
the mouse would be a suitable experimental animal, since it has 
been shown by Pryde and Williams (11) that it does excrete com- 
pounds conjugated with glucuronic acid. 

In the present communication the results obtained on dogs fed 
borneol and on mice fed menthol are reported. 


EXPERIMENTAL 


Experiments with Dogs—On the termination of the period of 
experimental feeding the animals were killed either by a humane 


mal. It seems possible that this could be ascribed to an increase in the 
kidney ethanol dehydrogenase in response to increased substrate con- 
centration in the tissues. Yudkin’s (6) work on the other hand suggests 
that the tissues of aleohol-tolerant rats do not have any increased capacity 
to metabolize aleohol. More recently Lightbody and Kleinman (7) have 
shown that the liver arginase of rats increases as a result of feeding the 
animals on a high protein diet, and Klein (8) has demonstrated an increase 
in liver d-amino acid oxidase in rats after thyroid feeding. It seems prob- 
able that in both cases the results may be ascribed to an increase in enzymic 
activity in response to an increased amount of substrate. 

? Preliminary accounts of experiments on dogs fed borneol have been 
previously made (9, 10). 
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killing pistol or by intravenous chloroform injection and the fresh 
tissues were weighed, minced, and the enzyme extracted with 
water by 1 hour’s vigorous stirring. The number of ml. of water 
employed in the extraction was always twice the number of gm. 
of the tissue sample (usually 25 gm.). The mixture was then 
centrifuged for 15 minutes and the supernatant solution was 
poured into a graduated cylinder and the volume noted (A). 
An equal volume of acetone was added and the flocculent pre- 
cipitate which formed was quickly centrifuged. This precipitate 
was then extracted with a volume of water equal to (A) and the 
insoluble matter removed by centrifuging. All extracts of organs 
other than ovary received another such treatment with acetone. 
The resulting solution of the enzyme was free of suspended tissue 
particles. 2 ml. of this final aqueous extract were incubated with 
1 ml. of m/15 menthol glucuronide buffered with 0.1 N acetate 
buffer at pH 5.2 for 8 hours. Control experiments were performed 
with previously boiled extract. The liberated glucuronic acid 
was determined in the manner previously described (1). The 
results are expressed as mg. of glucuronic acid liberated per gm. 
of tissue. 

The enzymic activity of various tissues of four normal dogs was 
first assayed, thus providing a control group. Each of three ex- 
perimental dogs was fed 5 gm. of borneol daily in gelatin capsules 
in the food for 4 or 5 days, 24 hour collections of the urine were 
made, and the zine salt of borneol glucuronic acid was then isolated 
from the urine by Quick’s method (12). The daily excretion of 
the glucuronide usually became constant by the 4th or 5th day; 
36 hours after the last feeding the animals were killed. The 
enzyme was extracted from the various organs and the final ex- 
tracts were stored in the refrigerator and their activity was assayed 
as quickly as possible. The results are illustrated in Fig. 1. 

In the dogs which had been fed borneol significant increases 
in 8-glucuronidase activity were observed in the liver, kidney, and 
spleen. In the uterus, pancreas, and ovary no increase could be 
detected. The Fisher ¢ method for testing the significance of the 
difference of means has been applied to these results and the value 
of P is in the case of liver 0.0375, kidney < 0.01, spleen < 0.01, 
pancreas 0.08, ovary 0.4, uterus 0.23. 

Experiments with Mice—The activity of the enzyme in extracts 
from mouse tissue was determined in the following manner. The 
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organs were quickly dissected out of the carcass and weighed. 
Each organ was minced with a pair of fine scissors into a graduated 
15 ml. centrifuge tube and a small amount of pumice or fine sand 
was added. The contents of the vessel were stirred vigorously 
by means of an air-turbine stirring apparatus for 30 minutes, 
distilled water being added to make up to the final desired volume 
when maceration of the tissue appeared to be complete. This vel- 
ume was regulated within the range of 1.5 to 6.0 ml., depending on 
the quantity of tissue being extracted. The mixture was centri- 
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Fic. 1. The response, in terms of 8-glucuronidase activity in tissues, to 
the feeding of dogs with borneol. The activity per gm. of tissue is ex- 
pressed as mg. of glucuronic acid liberated in 8 hours hydrolysis at 37.5° 
from menthol glucuronic acid. The means of the activities found in the 
given tissues for different dogs are indicated by block diagram. Actual 
activities found are shown as points. 


fuged and the volumes of the supernatant liquid and of the precip- 
itate were noted. The activity of the solution was assayed. 
Digestion mixtures were prepared in the following manner. 
In the case of liver, kidney, and spleen, 1 ml. of the extract was 
diluted in a test-tube with distilled water. The volume selected 
was such that the amounts of enzyme contained in a unit volume 
of the diluted extracts were roughly equivalent. This dilution 
was not necessary before the activity of extracts of the testis, 
ovary, uterus, and vagina was assayed. 0.40 ml. of the diluted 
or undiluted extract, depending upon the organ extracted, was 
transferred with a graduated 1 ml. pipette into each of two test- 
tubes. One was immersed in vigorously boiling water for 30 to 
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45 seconds, the other remained at room temperature, and to both 
were added 0.40 ml. of 0.1 N acetate buffer (pH 5.0) and 0.2 ml. 
of 0.15 N sodium menthol glucuronidate. The mixtures were 
incubated for 70 hours at 37.5°, and the glucuronic acid liberated 
was estimated by the method previously described (2). 

A solution of 2 gm. of menthol was emulsified in 15 ml. of water 
with the aid of 0.5 gm. (approximate) of soap. 3 drops of this 
solution containing about 20 mg. of menthol were administered 
orally to mice under light ether anesthesia (13). Each of a group 
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Fic. 2. The response, in terms of 8-glucuronidase activity in tissues, to 
the feeding of mice with menthol. The activity per gm. of tissue is ex- 
pressed as mg. of glucuronic acid liberated in 70 hours hydrolysis at 37.5° 
from sodium menthol glucuronidate. The means of the activities found in 
the given tissues for different mice are indicated by block diagrams. Ae- 
tual activities found are shown as points. 


of twelve male mice and seven female mice received at 9 a.m., 
2 p.m., and 5 p.m. 20 mg. of menthol every day for 4 days, and 
two doses of 20 mg. of menthol 3 hours apart on the 5th day. 
The animals were killed 3 hours after the last dose and the ac- 
tivity per gm. of tissue was determined and was compared with 
that of the corresponding tissue of the animals of a control group. 
The results are illustrated in Fig. 2. It was not possible to show 
any effect of ether anesthesia on the 6-glucuronidase activity of 
mouse tissue. 
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Liver, kidney, and spleen of mice previously fed menthol pos- 
sessed 8-glucuronidase activity significantly greater than that of 
the corresponding tissues of the control animals. No increase in 
enzymic activity was noted in the testis, ovary, uterus, and vagina. 
The Fisher ¢ method for testing the significance of the difference 
of means has been applied to these results and the value of P is 
in the case of liver < 0.01, kidney < 0.01, spleen < 0.01, testis 
0.49, ovary 0.1, uterus 0.8, vagina 0.45. 


DISCUSSION 


It is clear that the 8-glucuronidase content of several tissues in 
the dog and mouse can be increased by the administration of glu- 
curonidogenic substances to the animals. If it is justifiable to 
assume that the conjugation of toxic substances with glucuronic 
acid in animal tissues is catalyzed by the enzyme, then the results 
provide clear cut evidence of an increase in the enzyme content 
of animal tissues in response to an overloading of the body with 
an excess of the substrate of the enzyme; and in view of the results 
of Leloir and Mufioz, Klein, and of Lightbody and Kleinman, to 
which reference has already been made, one is inclined to believe 
that adaptation of the enzyme systems in animal tissues to cope 
with unusual demands upon them may be a general phenomenon. 
Although it is fully appreciated that until the synthetic activity 
of the enzyme has been demonstrated the justification of the initial 
assumption must remain in some doubt, it is difficult to see how the 
experimental results could be explained unless this assumption is 
a correct one. In the remainder of this discussion it will be as- 
sumed that 8-glucuronidase does in fact catalyze the synthesis of 
conjugated glucuronides. 

Hemingway, Pryde, and Williams (14), on the basis of experi- 
ments in which surviving tissues of the dog were perfused with 
solutions containing glucuronidogenic substances, concluded that 
the liver is “the main, if not the only,” site of detoxication by 
conjugation with glucuronic acid. However, the demonstration 
by Oshima (15) that other organs besides the liver contain high 
concentrations of 8-glucuronidase, and the confirmation of this 
fact in the present work, suggest that the process of glucuronic 
acid conjugation is by no means entirely confined to that organ. 
The increase in §-glucuronidase activity which has been shown to 
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occur in other organs besides the liver following the administration 
of glucuronidogenic substances adds considerable support to this 
suggestion. Nevertheless, by reason of its greater total bulk, it 
is probable that the liver is, quantitatively, the most important 
site of detoxication. It might be pointed out in this connection 
that these results indicate that the determination of the amount 
of glucuronic acid in the urine following administraton of glu- 
curonidogenic substances which has been suggested by Salt (16) 
as a test of liver function might give somewhat unreliable results. 
The results obtained in the case of the sex organs deserve special 
comment. In both the dog and mouse, administration of the 
glucuronidogenic substance resulted in no increase in the 6-glu- 
curonidase activity in the ovary and uterus, while in the mouse 
no increase of activity was observed in the testes and vagina.* 
A possible explanation of these results might be that the 
enzyme in these sex organs is not concerned primarily in the 
general detoxication processes of the body, but has some function 
connected with the metabolism or transport of the sex hormones. 
Experiments designed to investigate this possibility are at present 
in progress. 


SUMMARY 


1. An increase in the 8-glucuronidase activity of various tissues 
of the dog and mouse was induced by the previous oral adminis- 
tration of glucuronidogenic substances. 

2. On the assumption that 8-glucuronidase catalyzes the syn- 
thesis of conjugated glucuronides in mammalian tissue these 
results indicate that an increase has occurred in the enzyme con- 
tent of animal tissues in response to an overloading of the body 
with an excess of the substrate for the enzyme. 


The author is greatly indebted to Professor G. F. Marrian for 
many helpful suggestions in this investigation and also in the 
preparation of the manuscript for publication. 

Grateful acknowledgement is made to Miss Dorothy Skill for 
technical assistance. 


* An experiment on a single male dog fed borneol indicated that a con- 
siderable increase in the 8-glucuronidase of the testes had occurred. It is 
doubtful, however, if any significance can be attached to a single result. 
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THE RELATIVE ANTIKETOGENIC ACTIVITY OF GLUCOSE, 
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anp HARRY M. MAYFIELD 
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(Received for publication, June 24, 1940) 


Glycine and dl-alanine have been shown to be as efficacious as 
glucose in the formation of hepatic glycogen, although there is 
considerable difference in the rate at which glycogen is deposited 
after the feeding of these substances (1). Being equally good 
glycogen formers, they should have the same antiketogenic activity, 
but Butts ef al. (2) have reported that dl-alanine is much better 
than glycine as an antiketogenic agent. The relation of the dif- 
ference in the rate of glycogen formation after the administration 
of these substances to the method used by Butts et al. to measure 
antiketogenic activity suggests the reason for the apparent dis- 
crepancy between glycogenic and antiketogenic activity. These 
investigators measured antiketogenic activity by determining the 
influence of the administered substance upon the excretion of 
acetone bodies in the urine of fasting rats which were fed sodium 
acetoacetate. Because of renal threshold changes, urine excretion 
rates alone may lead to erroneous conclusions (3). But even 
assuming that the urine rate correctly reflected the level in the 
blood, the degree of ketosis as measured by the blood level in these 
rats was the sum of the fasting ketosis plus the acetoacetic acid 
fed plus the ketogenic action of any of the fed alkali freed to exert 
an alkalosis action by the catabolism of the acetoacetic acid with 
which it was combined. Under such circumstances the production 
of ketone bodies would be irregular and the blood concentration var- 
iable. Substances giving the same amount of glycogen could then 
affect the renal excretion of ketone bodies very differently if the 
time of glycogen formation differed. The more slowly a substance 
produced glycogen the less its antiketogenic effect might appear 
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to be, for the highest blood acetone body concentrations and in 
all probability urine acetone body excretion would be reached soon 
after the sodium salt was fed when the formation of glycogen was 
at a minimum. This could easily explain the diverse effect of 
glycine which produces glycogen very slowly. In an attempt to 
circumvent this difficulty, we have examined the antiketogenic ac- 
tion of the compounds in question by determining their influence 
upon not only the acetone bodies in the urine but their concen- 
tration in the blood of fasting rats. We assume that acetone body 
production and utilization are approximately constant in these 
rats and that any decrease in the blood level is due to a reduction 
in their rate of production but we have no direct proof of this. In 
the present experiments, this point is immaterial, for the effect 
is the same with the various substances, regardless of how it is 
brought about. 

After a period on a low protein diet, albino rats were fasted. 
Such a diet leads to a higher fasting concentration for the blood 
acetone bodies (4). Urine collections were commenced on the 2nd 
day of fasting. Urine collections were made over 24 hour periods 
and the substances being studied were generally administered at 
the beginning and middle of the urine collection periods. Excep- 
tions to this are listed in the foot-notes to Table I. Blood acetone 
body determinations were always carried out on blood collected 
at the end of the urine collection periods. Since taking these 
samples involved the sacrifice of an animal, making blood acetone 
body determinations reduced the number of rats in a group on 
which urine was being collected, as noted in Table I. 

The rats were fed by stomach tube, the solutions' being meas- 
ured in 5 ec. syringes and the doses given to the nearest 0.1 sq.dm. 
of body surface. Body surface was calculated from the gross body 
weight by the formula of Carman and Mitchell (5). As usual, 
doses administered and the excretion rates are given in terms of 


1 The glucose used was the c.p. anhydrous grade of the Pfanstiehl Chemi- 
cal Company. Glycine was purchased from E. R. Squibb and Sons. It 
contained 0.8 per cent ash and 0.25 per cent moisture. Pfanstiehl’s dl- 
alanine was used, and, according to our analysis, it contained 15.71 per 
cent nitrogen, 0.22 per cent ash, and 0.58 per cent moisture. The /(+)- 
alanine was obtained from F. Hoffmann-La Roche and Company, A. G., 
Basle, Switzerland, in 1935. This preparation has a moisture content of 
0.02 per cent and contained noash. The fa]> = +2.5° in aqueous solution. 
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“body surface,” because the total resting metabolism, activity of 
the kidney, intestinal absorption rates, organ weights and composi- 
tion, and other physiological measurements bear a less variable 
relationship to such a mathematical function of the body weight 
than other measurements of body size (6). Urine was collected 
under light mineral oil. No attempt was made to empty the 
bladders of the experimental animals completely except at the 
beginning and end of a series of collections. Urine acetone bodies 
were determined by Van Slyke’s method (7). Blood acetone 
bodies were determined by the micro adaptation of Van Slyke’s 
method, introduced by Barnes and Wick (8). 

Our results are summarized in Table I. Antiketogenic activity 
is measured by the reduction in the ketonuria and the decrease 
in the level of the blood acetone bodies. The latter are a better 
measure of ketogenesis, for the ketonuria simply reflects the level 
of acetone bodies in the blood and, since they are treated as thresh- 
old substances by the kidney, the urine rates do not always faith- 
fully reflect the blood level. However, in most of our experiments 
the ketonuria figures lead to the same conclusions as a study of 
the changes in the blood levels. There is variability, as might 
be expected in such experiments, but equivalent (based on the 
number of carbon atoms) amounts of glucose, glycine, and dl- 
alanine always have practically the same antiketogenic activity. 
This may be seen in all of the individual experiments (Table I) 
as well as from the weighted averages of all the data. The aver- 
age blood acetone body concentrations are 56 mg. per cent for the 
controls, 20 mg. per cent for the glucose-fed, 22 mg. per cent for 
the glycine-fed, and 19 mg. per cent for the dl-alanine groups. 
This is the result which would be expected from the similar glyco- 
gen-forming ability of these three compounds (1). Since glycine 
is a slower glycogen former than the other two (1), it is not sur- 
prising that it may at times be slow in exerting its antiketogenic 
effect (Experiment 1, third group). The manner in which a given 
quantity of material is administered may determine to some extent 
the antiketogenic action it exerts. In Experiment 2, the same 
amount of glucose has the same antiketogenic effect whether it is 
given in a single dose or at the beginning and middle of the periods. 
Glycine and dl-alanine (Experiment 2, fourth to seventh groups) 
on the other hand have a definitely greater effect when administered 
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in divided doses 12 hours apart than in a single dose every 24 hours. 
It is possible that there is a significant loss in the urine with a 
single large dose. 

It is of interest (Experiment 1, fourth and fifth groups) that 
l(+)-alanine has practically the same antiketogenic activity as 
dl-alanine. It has been reported (2) to be a better glycogen former 
than dl-alanine but this may be a question of the rate of formation 
rather than a difference in amount (1). 


SUMMARY 


Glucose and equivalent amounts of glycine, dl-alanine, and l(+-)- 
alanine exert the same antiketogenic action in fasting rats when 
measured by the effect on the level of acetone bodies in the blood 
and the amount of these substances excreted in the urine. 
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The classical theory of blood coagulation (1) postulates two 
phases: 


Ca**, thromboplastin 


Prothrombin — thrombin 











hrombi 
Fibrinogen —— 8 fibrin 





The factor which together with calcium ion is responsible for the 
activation of prothrombin to thrombin has variously been called 
thromboplastin, thrombokinase, thrombozyme, cytozyme, ete. 
It appears to occur in most animal tissues, from which it is released 
whenever a wound is produced, thereby giving rise to extra- 
vascular clotting. Its presence in the extremely fragile blood 
platelets probably is the principal cause of intravascular coagu- 
lation. 

A consideration of the chemistry of the thromboplastic effect 
has to start from a number of facts which have partially been 
known for a long time. (1) Alcoholic or ethereal cell extracts 
contain a thermostable factor (called ‘‘zymoplastic substance’”’ 
by its discoverer Schmidt (2)) which functions as a clotting 
activator. The substance responsible for this effect is a phos- 
phatide (3-6) and appears to belong to the cephalin group (5, 7). 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 

t This report is from a dissertation submitted by Seymour 8. Cohen 
in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy in the Faculty of Pure Science, Columbia University. 
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Blood platelets contain an extremely active cephalin fraction (8), 
(2) Aqueous tissue extracts contain a thermolabile factor of ap- 
parently protein nature which, although much more potent than 
cephalin,' activates the clotting of blood in a manner essentially 
similar to that of this phosphatide. Wooldridge (9), one of the 
earliest workers in the field, already considered this substance as 
a phosphatide-protein complex. There are three possible expla- 
nations for the much greater potency of the thromboplastic pro- 
tein as compared with isolated cephalin: (a) the presence in it 
of a particularly active cephalin, (6) an effective orientation of the 
cephalin molecules on the surface of a specific protein, (c) the ac- 
tivity of the phosphatide-free protein component. 

Among the more recent investigations of the thromboplastic 
protein a study by Mills (10) may be mentioned as well as a 
short note by Fischer and Herrmann (11) which appeared while 
our work was in progress. The present paper comprises a study 
of the preparation and properties of the thromboplastic protein 
from lungs, together with some data on its immunological be- 
havior. Additional information on the chemical composition of 
this substance will, it is hoped, be reported later. 


EXPERIMENTAL 
Isolation of Thromboplastic Protein from Lungs 


In a typical experiment, 1860 gm. of lungs from freshly killed 
cattle were minced and extracted in the refrigerator with 3 liters 
of physiological saline for 12 hours. The material was filtered 
through a canvas bag, when 1950 cc. of a turbid solution were ob- 
tained. The addition of enough saturated (NH,).SO, solution 
to correspond to 10 per cent saturation resulted in the formation 

| of a precipitate which after chilling was centrifuged off and dis- 
| carded. The supernatant was brought to 30 per cent saturation 
with (NH,).SO, and the mixture cooled overnight.2. The result- 
ing precipitate was separated from the inactive supernatant by 





' For a comparison of the activities of platelet phosphatides and breast 
muscle extract, see Figs. 1 and 3 in (8). 

? The material precipitable between 10 and 30 per cent saturation with 
(NH,)2SO, was found by activity tests with chicken plasma as substrate 
(8) to contain by far the largest proportion of the thromboplastic protein 
of lung tissue. 
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centrifugation in a refrigerated angle centrifuge at 4000 R.P.m., 
taken up in 200 cc. of physiological saline, and dialyzed against 
running water for 12 hours. The complete removal of salts by 
dialysis was sufficient to produce precipitation of the protein.’ 
The precipitate was, after separation from the inactive super- 
natant, frozen in a solid CO,-alcohol mixture and dried in the 
frozen state in a high vacuum. The completely dehydrated 
substance, after exhaustive washing with ice-cold acetone and 
drying in vacuo, weighed 8.5 gm. and was a light tan-colored pow- 
der. In the customary clotting test (8) the addition of 0.06 


TABLE | 
Thromboplastic Protein Preparations from Beef Lungs 


Activation of plasma clotting 


Preparation : . a ai 
No. I N : Thrombo- | 


plastin in 0.1| Clotting time* 
ec. plasma 

per cent per cent per cent mg. | min, 
l 1.04 11.8 0.03 3(80) 
2 1.02 11.7 
3 0.83 12.0 
! 0.74 12.7 0.94 0.03 6(130) 
5 0.95 0.06 6(>120) 
6 0.87 0.04 6(>70) 
7 0.79 12.3 0.93 
8 0.81 12.2 1.01 


* The normal clotting times of the chicken plasma preparations used 
are given in parentheses. 


mg. of this material in 0.03 ec. of saline to 0.1 ce. of chicken plasma 
(clotting time over 2 hours) produced a clotting time of 6 minutes 
at 30°. Analytical data and thromboplastic activities of a num- 
ber of preparations of the protein are given in Table I. 

The preparations obtained in the manner here described could 
be stored for a long time without loss of activity. It should be 
pointed out that in the process of drying the thromboplastin 
preparations became quite insoluble in water and dilute salt solu- 


* In several experiments the addition of a few drops of dilute acetic 
acid to the dialyzed mixture was found to make the precipitation of the 
thromboplastic protein more complete. 
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tions. The thromboplastic potency of aqueous emulsions of the 
compounds was, however, preserved. Whereas attempts to ef- 
fect the removal of water from the wet preparations by means of 
acetone led to inactive products, the treatment of the dry powders 
with acetone did not affect their activity. Treatment with alco- 
hol resulted in the loss of thromboplastic potency. In a number 
of experiments which will be discussed later in this paper the dry- 
ing process was omitted altogether, and the precipitated proteins 
were, after the dialysis, redissolved in buffer solutions of the de- 
sired pH. It might be noted that the thromboplastic activity of 
the proteins was not injured by solution at pH 8.8 and reprecipi- 
tation at pH 5.1. The addition of 0.03 cc. of a 1 per cent solu- 
tion of the protein which had undergone this treatment to 0.1 
ec. of chicken plasma (normal clotting time more than 2 hours) 
produced a clot in 6 minutes at 30°. 


Isolation of Phosphatides from the Thromboplastic Protein 


The most characteristic chemical property of the thrombo- 
plastic protein is its phosphorus content. In view of the well 
known activity of cephalin in blood clotting it appeared of interest 
to study methods for the isolation of phosphatides from the 
thromboplastic protein. An attempt to bring this about by 
precipitation of the lipids as a complex with a basic dye (12) failed. 
By extraction with ether no phosphatides were removed. When 
an aqueous emulsion of the thromboplastic protein was shaken 
with CHC\, for 25 hours, only 20 per cent of the total P went into 
the CHCl;. Subsequent extraction of the dried protein residue 
with boiling CHCl; for a week yielded an additional 10 per cent 
of the total P originally present. 

An effective method for the removal of most of the lipid P was 
found to be the continuous extraction of the thromboplastic 
protein with boiling alcohol-ether. In a typical experiment 
8.00 gm. of a thromboplastic protein preparation containing 0.92 
per cent P (7.e. a total of 73.6 mg. of P) was extracted with 200 ce. 
of boiling alcohol-ether (1:1) for 7 days. The filtered extract 
was evaporated under nitrogen; the lipids were redissolved in 
CHCl, filtered, evaporated, and dried. They weighed 1.46 gm. 
and contained 3.27 per cent P (i.e. a total of 47.7 mg. of P). The 
extracted protein weighed 6.50 gm. and contained 0.38 per cent P 
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(i.e. a total of 24.7 mg. of P). The purine N of this substance 
(13) was found to be 0.17 per cent, which would correspond to a 
nucleic acid P content of 0.15 per cent. 65 per cent of the P 
present in the thromboplastic protein was thus accounted for in 
the extracted phosphatides, and the presence of 13 per cent in the 
form of nucleic acids was made probable. 

Another method for the isolation of phosphatides from the 
protein is exemplified by the following experiment. The thrombo- 
plastic protein after dialysis was emulsified in saline, adjusted to 
pH 5.1, and centrifuged. The washing was repeated twice until 
no more colored impurities were removed. The protein was 
then dissolved in 0.1 M borate buffer of pH 8.8 to give an ap- 
proximately 1 per cent solution which was dropped with stirring 
into 4 volumes of boiling alcohol-ether (1:1). After 2 hours at 
room temperature the coagulated protein was removed, the filtrate 
was evaporated to dryness in vacuo, the lipid residue dissolved in 
CHC\,, filtered, and again evaporated. 

In a phosphorus balance experiment of this type 450 cc. of a 
solution of the thromboplastic protein at pH 8.8 containing 0.104 
mg. of P per ce. (7.e. a total of 46.9 mg. of P) were slowly poured 
into 2 liters of boiling alcohol-ether (1:1). The dried protein 
residue, after washing with alcohol-ether and with ether, weighed 
2.88 gm. and contained 0.40 per cent P (i.e. a total of 11.5 mg. 
of P). The purine N of the protein residue was found to be 0.35 
per cent, corresponding to a nucleic acid P content of 0.31 per 
cent. Only 5 per cent of the P present in the thromboplastic 
protein was, therefore, unaccounted for. 

The chemical composition of the lipids isolated from the throm- 
boplastic protein by the methods here described will form the 
subject of a future communication. 


Isolation of Protein Moiety of Thromboplastic Protein 


The mechanism of action of the thromboplastic protein in 
blood clotting is not well understood. It appeared of obvious 
interest to attempt the isolation under as mild conditions as 
possible of the protein constituent of the thromboplastin free of 
P-containing substances. For this purpose use was made of the 
reaction between protamines and phosphatides, previously studied 
in this laboratory (14). A similar procedure has recently been 
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applied by Warburg and Christian (15) for the removal of nucleic 
acid from the protein of the oxidizing fermentation enzyme. In 
order to insure the simultaneous removal of phosphatides (e.g. 
lecithin, etc.) less acidic in nature than cephalin, the reaction was 
carried out in alkaline solution. 

The thromboplastic protein, after precipitation between 10 
and 30 per cent saturation with (NH,)2SO,, was dissolved in saline 
and dialyzed against running water for 16 hours. The precipitate 
which had separated was dissolved in 0.1 N NaOH, an aqueous 
solution of salmine sulfate was added until no further precipita- 
tion took place, and the reaction was adjusted to pH 10. The 
mixture was stirred at 0° for 2 hours, the precipitate was centri- 
fuged off, and the supernatant filtered. The filtrate was brought 
to 30 per cent saturation with (NH,)sSO,; and adjusted to pH 9. 
The precipitated protein was, after cooling, removed by centri- 
fugation. One portion was dissolved in physiological saline, in 
which it was much more easily soluble than the original thrombo- 
plastic protein, for activity tests; the other was treated with 
acetone and dried for analysis. 

This protein was found entirely free of P; the procedure removed 
not only the phosphatides but also the nucleic acid. This protein, 
free of P-containing substances, had no thromboplastic activity 
whatever. 


Electrophoretic Experiments 


Phosphatides—The type of bond between phospholipids and 
proteins in the compounds occurring in nature commonly desig- 
nated as lipoproteins is not known. Certain synthetically pre- 
pared lipoproteins clearly are true salts between basic proteins 
and acidic phosphatides (14, 12). It was hoped that the behavior 
of the thromboplastic protein in an electric field would shed light 
on this problem. As a first approach experiments on the separa- 
tion of phosphatide mixtures by electrophoresis were carried out. 
The electrophoresis apparatus used was essentially the improved 
arrangement of Theorell (16). It was found advantageous to 
place the various compartments, which with the exception of the 
two central electrophoresis glass cells were made of strong ma- 


* We are indebted to Mr. F. Rosebury of the Department of Biochemistry 
for the construction of the electrophoresis apparatus. 
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hogany, on wheels in order to facilitate the assembly of the ap- 
paratus. Parchment paper impermeable to phosphatides was 
placed between the glass cells and the buffer reservoirs. The two 
center glass cells were separated from each other by Whatman 
filter paper No. 54, which was found most suitable for the free 
passage of migrating phosphatides. At the start of the experi- 
ments all compartments were filled with buffer solution with the 
exception of the glass cell nearest to the cathode, which received 
the solution to be subjected to electrophoresis. 

For the experiments here described a mixture, freshly prepared 
from beef brain by the usual procedures, of lecithin and cephalin 
free from cerebrosides and sphingomyelin was employed. Analy- 
sis showed P 3.2 per cent, N 1.8, amino N 1.5. This material 
was emulsified in 0.1 M acetate buffer of pH 5.1 to give a 1 per cent 
emulsion.’ 400 cc. of this emulsion were dialyzed in viscose 
casings for 24 hours against the 30 liters of 0.1 mM acetate buffer of 
pH 5.1, which were subsequently used in the buffer reservoirs of 
the electrophoresis apparatus. For electrophoresis 400 cc. of the 
dialyzed 1 per cent phosphatide emulsion were introduced into 
the cathode cell,® and a direct current of 220 volts was placed 
across the silver-silver chloride electrodes. The experiment 
lasted 2 hours, during which time the current had risen from 1.25 
to 1.60 amperes. Soon after the start of the electrophoresis the 
material could be seen moving in a sharp boundary away from 
the cathodic parchment membrane into the anode cell, where it 
coated the anodic membrane. At the end of the experiment the 
contents of both cells were quantitatively removed and 2 volumes 
of acetone were added to each of the two emulsions. The pre- 
cipitates were cooled, centrifuged off, dried, and extracted with 
ether. The phosphatides were reprecipitated from their filtered 
ethereal solutions by means of acetone. 


’ This pH was chosen in view of the experiments on the electrophoresis 
of the thromboplastic protein, the isoelectric point of which appears to be 
near pH 5.1. At this reaction, therefore, an electrophoretic separation 
of the stationary thromboplastic protein from migrating phosphatide 
impurities ought to be possible. Since this pH is intermediate between 
the theoretical isoelectric points of lecithin and cephalin, they should 
move in opposite directions in an electric field. 

* In the following paragraphs the glass cells nearest the cathode and 
anode will be designated as cathode cell and anode cell respectively. 
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The analytical data are contained in Table II, where the ‘‘Con- 
trol” represents a sample of the initial phosphatide mixture which 
had undergone the same reprecipitation process without being 
subjected to electrophoretic separation. It can be seen that, 
although considerable concentration of cephalin in the anode cell 
had taken place, some of the lecithin also had migrated in the 
same direction. The theoretical isoelectric point of lecithin is at 
pH 7.5 (17). The presence of free fatty acids has been shown 
to bring about a considerable depression of the isoelectric point 


TaBLe II 
Electrophoresis of Lecithin-Cephalin Mixture at pH 6.1 


N AminoN Amino N P N:P 


per cent percent ? yh id per cent 


Control 1.61 1.08 67 3.26 bist 
Cathode cell 1.68 0.90 53 3.04 Pee 
Anode cell 1.53 1.24 81 3.12 4.833 


TaBLe III 
Electrophoresis of Thromboplastic Protein at pH 8.8 





N P N:P 
mg. per cc, ‘me. per. cc. 
Before electrophoresis 3.27 | 0.36 | 20.2:1 
Cathode cell. skies 2.06 0.22 20.7:1 
Anode cell........... é | 1.14 0.13 19.5:1 


of lecithin (18). It is conceivable that in the present experiment 
the admixture of the acidic cephalin produced a similar effect. 
Thromboplastic Protein—When a 1 per cent emulsion of the 
thromboplastic protein in 0.1 m acetate buffer of pH 5.1 was 
subjected to electrophoresis in the manner described, no movement 
of material could be observed. For the duration of the experi- 
ment (2 hours) the current varied between 1.10 and 1.40 amperes. 
No evidence for the dissociation of the compound nor for the 
migration of contaminating substances could be found. A small 
amount of protein present in the anode cell at the termination of 
the experiment was doubtless due to filtration, since it had the 

































S. 5. Cohen and E. Chargaff 251 


same analytical composition as the material originally placed in 
the cathode cell. The thromboplastic activity and analytical 
composition of the protein which had remained in the cathode 
cell were not affected by the electrophoresis. 

In another experiment the possible dissociation of the thrombo- 
plastic protein into phosphatide and protein at alkaline pH was 
investigated. An approximately 2.5 per cent solution of the 
thromboplastic protein in 0.1 m borate buffer of pH 8.8 was sub- 
jected to electrophoresis at about 4 amperes for 1} hours. As 
can be seen from the data contained in Table III, the decrease in 
the N:P ratio of the material transferred into the anode cell as 
compared with that remaining in the cathode cell is so slight that 
no appreciable liberation of phosphatides due to dissociation of 
the thromboplastic protein could have taken place. 


Immunological Experiments 


The experiments reported in the preceding pages showed the 
phospholipids present in the thromboplastic protein to be very 
firmly bound. It appeared of interest to study the antigenic 
properties of this protein which may be considered as a compara- 
tively well defined example of a naturally occurring lipoprotein. 
The part played by lipids in immunity reactions is still a matter 
of dispute. 

Rabbits were used for the immunization experiments. The 
production of immune sera against the thromboplastic protein 
was found to be complicated by the fact that the compound was 
quite toxie when injected intravenously. This was to be expected 
on the basis of results obtained by previous investigators. The 
intravenous injection of 8 mg. of the protein in 4 ce. of physio- 
logical saline produced death in one animal by thrombosis in the 
vena cava. In general, 4 mg. of the protein in 2 cc. of saline were 
tolerated, although even this amount occasionally produced 
lethal effects. 

The material used for the injections consisted of a very fine 
0.2 per cent suspension of the thromboplastic protein in physio- 
logical saline containing 0.01 per cent of ethyl mercurithiosali- 
cylate. The protein preparation had been dried in the frozen 
state, as described above, and washed with chilled acetone. In 
all experiments the quantitative agglutination tests were carried 
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out according to the method of Heidelberger and Kabat (19). 
The antigen suspensions used in the quantitative determinations 
were prepared by treating the thromboplastic protein with 100 to 
200 parts of saline in a mortar, and filtering once or twice through 
cotton with gentle suction. These suspensions were stable for at 
least a half hour, and contained between 0.25 and 0.5 mg. of 
N per ce. 

Three series of injections were given.’ In all cases the indi- 
vidual dose amounted to 4 mg. of protein in 2 cc. of saline. In the 
first series five injections were administered to each of five animals 
in the course of 8 days. The thromboplastic action of the protein 
caused extensive thrombosis of the ear veins, and therefore in the 
two following series the animals received the material intraperi- 
toneally. In the second series twelve doses were administered in 
the course of 3 weeks. The third series of injections comprised 
twenty doses in the course of 5 weeks. After each series blood 
for testing was removed by heart puncture. During the entire 
experiment each animal, therefore, had received a total of 148 mg. 
of the thromboplastic protein. The increase in antibody N during 
the treatment is shown in the following example: I-AS-1 con- 
tained 0.10 mg., II-AS-1 0.21 mg., IIT-AS-1 0.24 mg. of antibody 
N per ce. 

The analytical results obtained after the third series of injec- 
tions are contained in Table IV. 

The protein residue obtained by extraction of the thrombo- 
plastic protein with boiling alcohol-ether (1:1) was completely 
devoid of precipitating properties when tested with the antisera 
described above. The same was true of the compound prepared 
by dropping a solution of the thromboplastic protein at pH 8.8 
into alcohol-ether (1:1) at 30°. Repetition of this experiment 
at — 15° yielded a protein which was almost inactive as precipitant. 
On the other hand, the protein obtained by shaking the thrombo- 
plastic protein in veronal buffer of pH 7.0, as described in Paper X 
(20), had retained about half of its activity. The mildest method 
vet devised for the preparation of a protein free of phosphatides, 
viz. the displacement of the phosphatides in the thromboplastic 

’ The antisera obtained after each of the three series of injections are 
designated I-AS, II-AS, III-AS respectively, followed by the number of 


the animal. 
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protein by heparin (20), yielded a compound in which the com- 
bining power with the antibody was completely unimpaired. This 
is of interest, since it shows that the phosphatides are not essential 


TaBie IV 
Agglutination of Suspensions of Thromboplastic Protein by Rabbit Antisera 


The volume of antigen suspensions was 1.0 cc. in each case. 


Serum roma, Total N Antigen N Antibody N 
ce. mg. mg. mg. per cc. 
Normal 1.0 0.49 0.49 
2.0* 0.48 0.48 
-AS- 9 49 
we so 6| (os | (om | | (Om 
LII-AS-2 1. 0.66 0.49 
a 0.51 0.48 0.2 
-AS-3 0 0.65 0.49 
inal np ap a 0.18 
-AS- A 
car ae eee eee fer 
* Supernatant. 
TABLE V 


Thromboplastic Activity of Antigen-Antibody Precipitates 


Clotting timet in dilutions of 
Serum used* 


| 

1:1 1:2 1:4 1:8 

| min. min. min. min. 
Normal (0.23 mg. N per ec. 6 6 12 15 
II-AS-1 (0.38 “ ‘ “ “) 3 3 6 i) 
II-AS-2 (0.36 = 3 3 6 i) 
Normal (0.49 *“* ‘** * *) 3 6 i) 15 
As @.00 * * 4.) 3 3 6 i) 


* The figures in parentheses indicate the N content of the original sus- 
pensions of antigen-antibody precipitates. 
+ Clotting time of control >120 minutes. 


for the capacity of the thromboplastic protein to combine with 
antibodies. 

It was of interest to test the precipitates between antigen and 
antibody for thromboplastic activity. The precipitates obtained 
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by the addition of 1 cc. of a suspension of the thromboplastic 
protein in physiological saline to 1 cc. of antiserum or normal 
serum were handled as in the quantitative determination of anti- 
bodies (19). They were then resuspended in 1 cc. of saline and 
tested at 30° by adding 0.03 cc. of various dilutions of these sus- 
pensions to 0.1 cc. of chicken plasma (8). The experimental 
results are given in Table V. As a control the clotting activity 
of a specific precipitate of egg albumin with a rabbit antiserum 
against egg albumin was tested. This compound, for which we 
are indebted to Dr. H. P. Treffers of this College, had no activity 
when tested with chicken plasma. 


DISCUSSION 


The thromboplastic protein described in the present communica- 
tion may be considered a lipoprotein. The study of this lipo- 
protein was made attractive by the fact that it is susceptible to 
biological assay. Both a protein and a phosphatide component 
are required for maximal thromboplastic action. The protein 
component, after removal of the phosphatides, is inactive, and the 
free phospholipids, an exceedingly complex mixture, show no 
more than the activity usually exhibited by cephalin. It is not 
possible to say at present in what manner the phosphatides are 
linked with the protein. Recent studies from this laboratory 
(14, 12) have dealt with lipoproteins, which are true salts. It 
appears doubtful whether the thromboplastic protein falls into 
this class. The result of the electrophoresis experiments appears 
to disprove the assumption that the lipids are present as impurities 
only. The non-dissociability of the thromboplastic protein at 
pH 8.8 speaks against the supposition of a simple salt-like combina- 
tion between the protein and the phospholipids. The lack of more 
detailed structural information is by no means unique with lipo- 
proteins; it extends to most compounds between proteins and 
substances acting as prosthetic groups. 

The fact that mixtures of alcohol and ether in contrast to ether 
alone remove the phosphatides from the thromboplastic protein, 
a phenomenon frequently encountered in work with animal and 
plant tissues and with bacteria, must be due to a destructive action 
of the alcohol on those groupings in the protein which are respon- 
sible for the binding of the phosphatides. 
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The immunological experiments showed that the thrombo- 
plastic protein was able to produce antibodies in rabbits. The 
specificity, however, seemed to rest entirely with the protein com- 
ponent of this substance: the thromboplastic protein in which 
the phosphatides had been displaced by heparin (20) was ag- 
glutinated by an antiserum against the intact protein. It should 
be pointed out that the complex between the thromboplastic 
protein and its antibody was active in the promotion of clotting; 
it was in fact more active than the free antigen. Whatever 
molecular configurations contribute to the physiological activity 
of the protein, it is evident that these groupings are not firmly 
combined or “covered” by linkage of thromboplastin to antibody. 


The authors wish to express their appreciation to Dr. M. Heidel- 
berger of this College for extremely valuable advice regarding the 
immunological experiments. They wish to thank Mr. W. Saschek 
for a number of microanalyses. 


SUMMARY 


The preparation of the thromboplastic protein from lungs is 
described. Methods for the isolation of phosphatides from this 
lipoprotein are discussed. It was shown by means of electro- 
phoretic experiments that, whereas at pH 5.1 a mixture of free 
lecithin and cephalin moved in an electric field, this was not the 
case with the phosphatides contained in the thromboplastic 
protein. Even at pH 8.8 only a very small amount of dissociation 
took place. The protein component, after the removal of the 
phosphatides, had no thromboplastic activity. The immunologi- 
cal properties of the thromboplastic protein, which was found to 
act as an antigen, are discussed. 
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STUDIES ON THE CHEMISTRY OF BLOOD 
COAGULATION 


X. THE REACTION BETWEEN HEPARIN AND THE 
THROMBOPLASTIC FACTOR* 


By ERWIN CHARGAFF, MORRIS ZIFF, anp SEYMOUR 8. COHEN 


(From the Departments of Biochemistry and Surgery, College of Physicians 
and Surgeons, Columbia University, New York) 


(Received for publication, July 15, 1940) 


In the present communication the following findings are briefly 
reported. When heparin is made to react with the thrombo- 
plastic lipoprotein from lungs (1), the phosphatides are split off 
the protein carrier and a heparin-protein compound results. 
This compound, in losing its thromboplastic property, has ac- 
quired a new one: it exerts a markedly anticoagulant effect. The 
same series of reactions applied to a model substance, viz. a ceph- 
alin-histone compound (2), likewise leads to a compound con- 
taining heparin. This substance, however, which still retains 
considerable amounts of cephalin, is biologically inactive. This 
shows that the protein moiety of the thromboplastic protein, in 
contrast to histone or salmine, is able to enter combinations with 
cephalin or heparin without destruction of the biological activ- 
ities of the latter substances. 

There have been statements in the literature, mostly unsup- 
ported by direct experimental proof, that the anticoagulant effect 
of heparin was due to its reaction with thromboplastin or ceph- 
alin (3-8). On the other hand, the bulk of evidence seems to point 
to an inhibiting action of heparin both on prothrombin and 
thrombin for which the presence of a component of the serum 
albumin fraction (is) required (9-12). It was found that this 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 

1 To speak of a neutralization of cephalin by heparin, as has been done 
by several authors, is incorrect; both substances are strongly acidic. 
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albumin factor could not be replaced by the protein constituent 
of thromboplastin. 

The fact that heparin under suitable conditions prevents not 
only the formation but also the action of thrombin shows that the 
reaction presented in this paper cannot be the only path by which 
heparin acts physiologically. However, it appears probable that 
both types of reaction, (a) the destruction of thromboplastin and 
(b) the inhibition of prothrombin and thrombin, will have to be 
considered for a proper explanation of the physiological effect 
of heparin. It may be thgt the presence of heparin in the site of 
tissue injury preponderantly leads to the first reaction mentioned, 
since in that case large amounts of thromboplastin are known to 
be liberated, whereas in the anticoagulant action of heparin in 
circulating or isolated blood the second reaction prevails. It 
should be pointed out that the reaction of heparin with the 
thromboplastic protein brings about the liberation of cephalin 
which in itself is a weak activator of clotting. The relative pro- 
portions of prothrombin, thromboplastin, and heparin present 
in a given system will, therefore, to a large extent decide the re- 
sults of in vitro experiments. 

It will be of interest to see whether the ability of heparin to 
displace acidic prosthetic groups from their protein carriers is of 
more general applicability. 











EXPERIMENTAL 
Reaction between Heparin and Thromboplastic Protein 


Displacement of Phosphatides—In one set of experiments a 
preparation from lungs of the thromboplastic protein which had 
been dried in the frozen state, as described in Paper LX (1), was 
used. This substance contained N 12.0 per cent, P 0.87, 8 0.83. 
Suspensions of this material in veronal buffer of pH 7.1 were 
shaken with solutions of heparin,’ centrifuged, the solid residues 
washed with chilled water (free of CO), acetone, and petroleum 
ether, and dried in vacuo over P:Os. The composition of the re- 
action products is summarized in Table I. A control experiment 


? In all experiments a preparation of the pure sodium salt of heparin 
was used, for which we are indebted to Hoffmann-La Roche, Inc., Nutley, 
New Jersey. 
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carried out in absence of heparin (Preparation 4, Table I) gave 
an interesting result. It showed that prolonged shaking of a 
neutral suspension of the thromboplastic protein resulted in the 
practically complete removal of the phospholipids, which are ex- 
ceedingly difficult to extract from this protein by treatment with 
organic solvents (cf. (1)). The P content of Preparation 4 is most 
likely due to nucleic acid, as a comparison with data given in 
Paper IX (1) will show. Preparations 1 to 3, when tested with 
activated chicken plasma as substrate (13), showed marked anti- 
coagulant properties. Preparation 4 had no thromboplastic 
activity. 

As a more conclusive approach to the problem of the action of 
heparin on the thromboplastic protein than the one offered by the 











TaBie | 
Products Obtained by Shaking Thromboplastic Protein in Presence 
of Heparin 
Prepara- oy Heparin re ad Sungien | Reaction) y Pp 5 
tion No.| protein used | volume | rensticn | product 
used 
mg. mg. ce. | hee. mg. per cent per cent | per cent 
1 | 402 | 40 | 2 | 16 | 295 | 13.9 | 0.34 | 1.4 
2 | 210 83 30 | 43 132 | 13.1 | 0.38 | 1.5 
3 | 210 83 | 30 | 43 132 | 13.4 | 0.30 1.7 
4 151 0 10 16 114 | 14.3 | 0.27 | 0.99 


experiments described in the preceding paragraph, a series of 
experiments was carried out which were designed to demonstrate 
the displacement by heparin of the phosphatides contained in 
thromboplastin. 

To 100 ce. of an approximately 1 per cent solution of the throm- 
boplastic protein in 0.1 m borate buffer of pH 8.8 were added 
300 mg. of heparin, dissolved in 10 cc. of saline. The solution 
was adjusted to neutrality and allowed to stand in the refrigerator 
for 14 hours. It then was brought to pH 5.0 by means of 50 
per cent acetic acid, when flocculation occurred. The precipi- 
tate was separated from the cloudy supernatant by centrifugation 
and washed three times with very dilute acetic acid of pH 5.2. 
All supernatants were united and examined, as will be described 
later. At this stage a small portion of the precipitate was emulsi- 


| 
| 
| 
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fied in physiological saline and used for the biological tests. The 
bulk of the material was twice washed with acetone and dried 
in vacuo over P:O; (Preparation 5, 800 mg. of a grayish powder). 
The analytical data for this and the following preparations will 
be found in Table II. 

A parallel experiment carried out with identical quantities in 
exactly the same way, in which heparin was omitted, yielded 
Preparation 6, 800 mg. of a gray powder (cf. Table II). 

This series of reactions was repeated with a different preparation 
of the thromboplastic protein, when Preparation 7 (in presence of 
heparin) and Preparation 8 (in absence of heparin) were obtained 


(see Table II). 


TABLE II 


Reaction between Heparin and Thromboplastic Protein in Solution 
} I 


Preparation No. N P 8 
per cent per cent per cent 
5 12.6 0.30 ee 
6* 12.9 0.79 0.93 
7 12.1 0.29 1.8 
8* 12.2 0.81 1.0 


* Control experiments in absence of heparin. 


The experiments here described demonstrated the displacement 
of the phosphatides of the thromboplastic protein by heparin. 
In one case the phosphatide fraction split off was isolated. It had 
been observed that in the experiments in which heparin was em- 
ployed the supernatant solutions resulting from the precipitation 
of the protein at pH 5, as described above, were very cloudy, 
whereas the control experiments in absence of heparin yielded 
clear solutions. The united supernatant solutions and washings 
from Preparation 5 were concentrated to complete dryness in 
vacuo at 35°. The residue was extracted with boiling CHCl,, 
and the extract filtered and evaporated. The residual oil was 
dissolved in a small amount of ether. On addition of acetone the 
phosphatides precipitated, yielding 28.5 mg. of an almost white 
solid. Analysis showed N 1.9 per cent, P 3.3. This substance 
showed slight thromboplastic activity: 0.06 mg. lowered the clot- 
ting time of 0.1 cc. of chicken plasma from 110 to 53 minutes. 


























Chargaff, Ziff, and Cohen 261 


The supernatant solutions from Preparation 6 (obtained in 
absence of heparin) treated in the same way yielded no phos- 
phatide whatever. 

Activity in Blood Coagulation—All substances were tested with 
chicken plasma as substrate at 30° (13). Preparations 5 and 6 
were compared, as stated above, in an approximately 0.8 per cent 
suspension in physiological saline. When 0.03 ce. of these sus- 
pensions was added to 0.1 cc. of plasma, the clotting time of 
which was higher than 70 minutes, Preparation 5 prevented the 
clotting for more than 130 minutes, whereas Preparation 6 pro- 
duced clotting in 12 minutes. Similarly, in an inhibition test 
with activated plasma 0.03 cc. of the suspension of Preparation 5 
prolonged the clotting time of 0.1 cc. of plasma from 6 to more 
than 30 minutes. The supernatant obtained by centrifugation 
of this suspension had no anticoagulant activity. 

In another inhibition test with plasma activated by the throm- 
boplastic protein, Preparation 7 was compared with heparin. 
It was found to possess about 7 per cent of the anticoagulant 
activity of heparin. This is in satisfactory agreement with the 
increase in 8 content of Preparation 7, as compared with Prepara- 
tion 8, which corresponds to a heparin content of about 5 per cent. 

Heparin, as is well known, does not prevent the coagulation of 
fibrinogen by thrombin, unless complemented by a protein which 
occurs in the serum albumin fraction, but is not identical with 
crystalline serum albumin (9-12). It was of interest to see 
whether the heparin-protein compound resulting from the reac- 
tion of heparin with the thromboplastic protein could replace the 
albumin factor mentioned. This, as will appear from Table ITI, 
was not the case. The heparin-protein compound in itself was 
inactive, but the addition of serum albumin served to bring out 
the normal anticoagulant effect of the heparin contained in it. 

The experimental results given in Table III were obtained by 
the method previously described (12). The substances were 
used in the following volumes: 0.1 cc. of a dilute thrombin solu- 
tion (from human plasma) (14), 0.06 ec. of a 0.3 per cent heparin 
solution, 0.06 cc. of a 0.83 per cent suspension of the heparin- 
protein compound (Preparation 7, Table II) in saline (1.01 mg. 
of N per cc.), 0.06 cc. of a solution of the human serum albumin 
fraction insoluble at 77 per cent saturation with (NH,)2SO, (2.82 
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mg. of N per cc.). Corresponding amounts of saline were sub- 
stituted for any of the factors omitted. 3 minutes later 0.2 ce. 
of a fibrinogen solution (prepared from human plasma) was added 
to the mixture. The tubes were examined for clots at fixed in- 
tervals. 

Suspensions of the heparin-treated thromboplastic protein 
were found to split off heparin on prolonged standing, as shown by 
the appearance of anticoagulant activity in the supernatant solu- 
tions after centrifugation of the suspensions. It could, however, 
be demonstrated that the anticoagulant activity of the protein 
complex (Experiment 5, Table III) was not due to heparin which 
was merely adsorbed on the protein. The saline suspension of the 


Tase III 
Influence of Heparin-Treated Thromboplastin on Clotting of Fibrinogen 


Experi ; Clotti ime, min. 
peri- Components of fibrinogen etting Cae, min 
ment clotting system® 


No. 2 5 10 15 2 | 30 | 40 
1 T, Tpl-He + 

2 T, He + 

3 T, He, Tpl-He + 

4 T,A —- _ — 4. 

5 T, Tpl-He, A - _ _ _ - as | = 
+ = clot; — = no clot. 

*T = thrombin; Tpl-He = thromboplastin after treatment with hepa- 

rin; He = heparin; A = albumin fraction from human serum 


heparin-protein complex used for the experiments reported in 
Table III was centrifuged after several days in the refrigerator, 
washed three times with dilute acetic acid of pH 5, and resus- 
pended in 50 cc. of physiological saline. The activity of this sus- 
pension was compared with that of the supernatant from the last 
washing, the volume of which was likewise 50 cc. When tested 
with human plasma as substrate, clotting by thrombin took place 
within 1 minute in the presence of the supernatant, whereas the 
sample containing the heparin-protein suspension failed to clot 
in 2 hours. 


Reaction between Heparin and Cephalin-Histone 


In this experiment a cephalin-histone complex (2) which had 
been prepared at pH 4.7 was used. It had the following analytical 
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figures, N 7.9 per cent, P 2.1,8 0.40. To a suspension of 476.4 
mg. of this compound in 20 ce. of veronal buffer at pH 7.2 a solu- 
tion of 400.0 mg. of heparin in 5 cc. of the same buffer was added. 
The mixture was shaken for 16 hours. The undissolved material 
was separated by centrifugation, repeatedly washed with chilled 
water, acetone, and ether, and dried. The light brown powder 
weighed 302.0 mg. Analysis showed N 9.8 per cent, P 1.5, § 1.5. 
This substance, when tested with chicken plasma as substrate 
(13), showed no activity. 

In another series of experiments a cephalin-histone prepara- 
tion obtained at pH 7.2 was used. Analysis, N 9.4 per cent, P 
1.6, S 0.40. In all cases the mixtures were shaken in veronal 
buffer at pH 6.9 for 24 hours and centrifuged. The solid residues 
were repeatedly washed with chilled water, acetone, and petroleum 
ether. For analysis they were dried in vacuo over POs at 61°. 

The reaction of 402 mg. of heparin with 501 mg. of cephalin- 
histone in a total volume of 26 cc. of buffer yielded 395 mg. of a light 
brown powder which had N 10.1 per cent, P 1.3,8 1.3. The rep- 
etition of the experiment in presence of ligroin, in which 507 
mg. of cephalin-histone were shaken with 402 mg. of heparin in 
a total volume of 26 cc. of buffer and 10 cc. of ligroin, resulted in 
417 mg. of a product which contained N 9.8 per cent, P 1.5, 
S$ 1.0. In a control experiment, in which cephalin-histone sus- 
pended in buffer was shaken with ligroin in absence of heparin, 
no appreciable change in the composition of the substance was 
observed. It was found to contain N 9.3 per cent, P 1.4, 8 0.47. 

The compounds which had reacted with heparin, as evidenced 
by the rise in S content, showed no anticoagulant activity. 


We wish to thank Mr. W. Saschek, Mr. A. Bendich, and Mr. 
B. Kress for a number of microanalyses. 


SUMMARY 


The treatment of the thromboplastic protein from lungs with 
heparin results in the displacement of the phospholipid constituent 
by heparin and the formation of a heparin-protein complex with 
markedly anticoagulant properties. The bearing of this finding 
on the theory of blood coagulation is discussed. Model experi- 
ments with cephalin-histone are likewise reported. 
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THE EFFECT OF ALKALOSIS ON THE CHEMICAL 
COMPOSITION OF BRAIN, SKELETAL MUSCLE, 
LIVER, AND HEART* 


By HERMAN YANNET 
(From the Department of Pediatrics, Yale University School of Medicine, 
New Haven) 


(Received for publication, July 19, 1940) 


The data to be presented were obtained by the analysis of tis- 
sues of cats in which alkalosis was produced by a procedure de- 
signed to substitute bicarbonate for chloride without significantly 
altering the volume of body water. Since the concentration of 
serum sodium under these conditions remains relatively un- 
changed, the resulting alkalosis falls in the category of an alkali 
excess due to acid loss. From the point of view of the total extra- 
cellular electrolyte, there was probably little change in sodium 
accompanying loss of chloride. 

Clinically, alkalosis of this type is seen principally associated 
with persistent vomiting in pyloric obstruction, and occasionally 
as a complication of alkali therapy in patients with peptic ulcer. 
However, in vomiting, some loss of sodium usually accompanieg_ 
loss of chloride. 

Previous investigations in this field have been concerned pri- 
marily with the associated metabolic and functional disorders 
such as renal impairment (1-6), probable change in liver function 
as evidenced by reduced carbohydrate tolerance, and acetonuria 
(7-9), and circulatory and myocardial defects suggested by reduced 
cardiac output (10) and changes in the electrocardiogram (11). 


Procedure 


Cats were used as the experimental animals. They were given 
the usual laboratory diet of canned salmon and milk for at least 


* Aided by grants from Child Neurology Research (Friedsam Foun- 
dation) and the Fluid Research Fund of Yale University School of 
Medicine. 
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1 week before the procedures to be described were carried out. 
No food or water was offered during the experimental period. 
Alkalosis was produced in the following manner. A solution 
containing 50 gm. of glucose and 150 milliequivalents of sodium 
bicarbonate per liter was injected intraperitoneally in amounts 
approximating 100 cc. per kilo of body weight. 5 hours later, a 
similar quantity of fluid was withdrawn. The fluid at this time 
contained as an average 75 milliequivalents of chloride, 50 milli- 
equivalents of bicarbonate, and 130 milliequivalents of sodium 
per liter. The animals were killed 24 hours later, by severing 
the great vessels at the base of the heart. All manipulations were 
‘arried out under nembutal anesthesia. 

The chemical methods are given in previous publications 
(12, 13). 


Results 


The sera and tissues of twelve animals rendered alkalotic by the 
procedure described were analyzed. In four animals, serum was 
examined at the time of removal of the fluid from the peritoneal 
cavity and again when the animals were killed, 24 hours later. 
Only slight differences between the two respective sera were found. 
It may be assumed, therefore, that the changes found at the time 
the animals were killed probably were present for 24 hours. This 
period of time was considered adequate for equilibration to take 
place between tissues and blood. 

The urine output during this period varied from 15 to 60 ce., 
averaging 40 cc., and containing an average of 100 milliequiva- 
lents of sodium and 30 milliequivalents of chloride per liter. 

The clinical picture was difficult to evaluate because of the 
effect of nembutal which seemed to last longer than in normal 
animals. In two instances symptoms suggestive of tetany were 
observed just before the animals were killed. 

Determinations of hydrogen ion concentration were carried out 
on seven animals in the group with alkalosis and varied from pH 
7.45 to 7.80, averaging 7.60. The pH on the sera of seven normal 
animals varied from 7.24 to 7.40, averaging 7.35. For these deter- 
minations the method of Cullen (14) was used, as modified for 
the Evelyn colorimeter. 
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Changes in Serum 

The findings in the serum have been summarized in Table I. 
The values for the normal animals were obtained from a previous 
study (15). The changes in the sera of the experimental animals 
consisted of an increase in bicarbonate and non-protein nitrogen 
and a decrease in chloride and water. While there was a greater 
scattering of the individual values for sodium and potassium, the 
average values showed little change from the normal. It will be 
noted that the increase in bicarbonate is only half as great as the 
decrease in chloride, although the concentration of total base is 
relatively constant. It is apparent, therefore, that a significant 
increase occurred in that fraction of the acids of the serum which, 


TABLE | 


Concentration of Serum Constituents in Normal and Alkalotic Cats 


Non- 


No. of . Total , 
animals HO cl Na CO: K protein N 
per cent mat perl. mM perl.| mm perl. ma perl. on cont 
Normal 34 | 94.1 | 119.8 | 152.7 | 20.4 5.7 | 31.5 
+0.3*  +0.5 > +0.5 | 40.6 +0.1 +2.6 
Alkalosis 12 |; 93.0 96.7 150.0 32.4 | 5.8 57.7 
7 


| +0.2 +2.6 +3.0 | +2.0 +0.8 | +4. 


* Standard error. 


together with chloride and bicarbonate, makes up the total anion 
content. This fraction, which Gamble and Ross (16) designated 
as R in their diagrammatic representation of the acid-base balance, 
includes the base-binding capacity of the serum proteins, phos- 
phate, sulfate, and organic acids. It was also found increased by 
Gamble and Ross in their dogs with experimental pyloric obstruec- 
tion. The value for R in the normal group is approximately 
26 milliequivalents and in the alkalotic group, 36 milliequivalents 
per liter of serum water. The change in pH and protein concen- 
tration in the serum increases the base-binding capacity of the 
proteins by 7 milliequivalents per liter. The remainder of the 
difference is probably related to the increases in the serum con- 
centrations of phosphorus (4, 6, 16), sulfate (5), and ketone acids 
(7, 8, 17) which have been demonstrated during alkalosis. 











Effect of Alkalosis on Body Tissues 


Changes in Tissues 


The results of the tissue analyses are summarized in Table II. 
The values are expressed per 100 gm. of fat-free solids. The last 
column gives the concentration of univalent base in tissue water. 
A difference between means less than twice the standard error 
of the difference is not considered significant. 

Brain—There were no significant changes in the brain resulting 
from the experimental procedure. The finding of normal brain 
chloride in the presence of a marked decrease in the concentration 
of serum chloride should be noted. 

Muscle—The decrease in muscle water of the cats with alkalosis 
is barely significant and explains the increase in concentration 
of univalent base in muscle water. The content of chloride in 
the muscles of the experimental cats corresponds with the value 
expected at the reduced concentration of serum chloride (15). 

Liver—The effect of alkalosis on the composition of the liver 
includes an increase in water, potassium, and phosphorus and 
to a smaller extent, sodium. The level of liver chloride corre- 
sponds with the value expected at the reduced concentration of 
serum chloride (15). The increase in water therefore represents 
an expansion of the intracellular compartment. When compared 
to the increase in tissue sodium and potassium, the increase in 
water is only two-thirds as large as would have been required 
to maintain unchanged the concentration of univalent base in 
the tissue water. The relatively constant nitrogen levels per unit 
of fat-free solid indicates that there had been no significant increase 
in tissue glycogen, which, as Fenn (18) has shown, is deposited 
with water, potassium, and phosphorus. Since the volume of 
extracellular water, as measured by the chloride content, and the 
concentration of serum sodium remained unchanged, the increase 
in tissue sodium probably represents a slight increase in intracellu- 
lar sodium. 

Heart—The significant changes in cardiac muscle during alka- 
losis are increases in potassium and phosphorus. The chloride 
content is not significantly different from the value expected at 
the level of serum chloride (15). Since there is no change in total 
water, the concentration of univalent base in the tissue water is 
correspondingly elevated. 
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DISCUSSION 


The changes in the chemical composition of the tissues during 
the alkalosis resulting from the procedure previously described 
might be related to three possible factors: (a) change in the hydro- 
gen ion concentration within the cells, (b) changes in the concen- 
tration of various ions in the extracellular water, (c) impairment 
in certain physiological functions. 

(a) A change in the hydrogen ion concentration within the 
cell does not appear likely for the following reasons. The increase 
in pH of the serum and extracellular fluids in these experiments is 
dependent primarily on the decrease in the concentrations of 
extracellular chloride, while the concentration of total base remains 
unchanged. The only acid that is known to diffuse freely across 
cellular membranes is H,CO;. From the average values for total 
carbon dioxide and pH, calculation of the CO pressure shows that 
there has been little or no change in H2zCO;. A few estimations 
of the total bicarbonate content of the various tissues in the 
normal and alkalotic group were carried out by the method of 
Danielson and Hastings (19). The actual values are not being 
given because the method in our hands is still not sufficiently accu- 
rate for too much significance to be placed on the absolute values. 
However, from a relative point of view, we have confidence, from 
our comparative data, in the fact that there was no evidence of an 
increase in tissue total bicarbonate in the alkalotic animals that 
could not be explained on the basis of increased concentration in 
the extracellular fluids. Since the pH in the cell is determined 
by the ratio of these two factors, i.e. CO, tension and total bicar- 
bonate, we have reasonable evidence for believing that little if 
any change in hydrogen ion concentration occurred within the 
tissue cells of the alkalotic group. 

(6) The changes in the content of chloride in the muscle, liver, 
and heart agree with data previously presented (15) describing 
the relationship between the concentration of chloride in the extra- 
cellular water and the tissue chloride. 

The finding of a normal brain chloride at a time when serum 
chloride is markedly reduced is of considerable interest in view of 
previous work on the chloride content of brain and cerebrospinal 
fluid. From our previous data (20) we feel certain that an ade- 
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quate period of time had been allowed for equilibration between 
blood, cerebrospinal fluid, and brain. Presumably the procedure 
employed for producing alkalosis in some way influenced the inter- 
relationship between these three factors. It has long been clear 
that, while cerebrospinal fluid sodium has the concentration of a 
serum ultrafiltrate, the concentration of chloride in the fluid is too 
high for such a relationship. Recently Wallace and Brodie (21) 
have demonstrated that chloride in the brain is in ionic equilibrium 
with cerebrospinal fluid rather than with a serum ultrafiltrate, 
as is true in other tissues like muscle, liver, and heart. Further- 
more, these investigators (22) have shown that the mechanism 
presumably responsible for the peculiarity in the composition of 
spinal fluid exists not only in the ventricular chorioid plexus, but 
also is dependent on some function of the membranes separating 
plasma from the interstitial spaces of the central nervous system. 
It was previously demonstrated that when the body is depleted 
of extracellular electrolyte, the reduction in brain chloride is pro- 
portionate to the reduction in serum chloride (20). On the other 
hand, Amberson, Nash, Mulder, and Binns (23) found that brain 
chloride remained relatively constant when body chloride was 
replaced by sulfate. In the same experiments other tissues showed 
reduction in chloride proportionate to reduction in serum chloride. 
The depletion experiments differed from those of Amberson et al. 
and from our present alkalosis experiments in that both chloride 
and sodium were reduced in the serum. Consequently, it may 
tentatively be suggested that the concentration of chloride in the 
cerebrospinal fluid and the brain chloride are influenced by the 
concentration of serum sodium as well as by serum chloride. This 
hypothesis fits the recorded observations better than an assump- 
tion of large amounts of chloride fixed in some manner within the 
cells or extracellular structures. 

Osmotic equilibrium between intracellular and extracellular 
fluid in the brain was shown to be obtained by loss of intracellular 
potassium when the concentration of serum sodium was decreased 
(20). In muscle, under these conditions, the major adjustment 
of osmotic equilibrium was by cellular hydration (15). In the 
present alkalosis experiments, the absence of change in brain 
potassium and muscle water is in keeping with these findings. 

(c) We have no satisfactory explanation for the increase of 
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potassium and phosphorus in the liver and heart during alkalosis, 
Evidence previously cited (1-6) indicating the occurrence of renal 
insufficiency during alkalosis suggests the possibility that impaired 
renal excretion and resulting elevation of serum potassium and 
phosphorus may be etiologically related to the changes in the 
tissues. The demonstration of non-protein nitrogen retention 
and of the occasional increase in serum potassium and phosphorus 
in these studies is in line with this possibility. However, the 
following considerations indicate that this is probably not the case. 
There was no significant increase in the average concentration of 
serum potassium, although in four animals this was definitely 
elevated. There was no correlation in the individual animals 
between the level of serum potassium and tissue potassium. 
Moreover, in adrenal insufficiency (12, 24) and in nephrectomized 
rats (24) although a rise in concentration of non-protein nitrogen, 
phosphorus, and potassium in the serum can be demonstrated, 
there was no increase in the potassium or phosphorus contents 
of the liver. Furthermore, while a significant increase in muscle 
potassium was found in the nephrectomized and adrenalectomized 
animals, this was not present in the animals with alkalosis. For 
these reasons, the changes in serum potassium and phosphorus are 
probably not the direct cause of the increase in the content of 
potassium and phosphorus in the liver and heart during alkalosis. 

While previous investigators have presented data suggesting 
impairment in hepatic and cardiac function during alkalosis, we 
have no evidence at present that would imply a causal relationship 
between tissue dysfunction and chemical composition. 

Although the increase in liver water is probably related to the 
increased content of potassium, it is of interest that the resulting 
concentration of univalent base in the liver water is definitely 
elevated in spite of absence of change in the serum total base. 
This is also true in the heart where the increase in potassium is 
unassociated with any change in water. These observations are 
added evidence to that previously cited (15) that the concentra- 
tion of univalent base in tissue water is not the sole determining 
factor in the maintenance of osmotic equilibrium. 

Hastings and Eichelberger (25) studied the effect of alkalosis 
on the distribution of water in muscle. They found that when 
an alkaline isotonic solution is injected there is an appreciable 
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increase in muscle water of which a third is due to cellular swelling 
and the remainder due to expansion of the extracellular fluid. 
Our results show merely a questionable decrease in the volume of 
intracellular water during alkalosis. The difference in findings 
may be related to the fact that in our experiments there was no 
appreciable change in the total body water, while in those of 
Hastings and Eichelberger there was a retention of water equal 
to more than one-tenth of the weight of the animal. 

It will be noticed that the urine contained an excess of sodium 
over chloride but that the amount excreted was so small as to 
have practically no effect on acid-base equilibrium. Apparently 
the cat does not excrete sodium rapidly enough in the presence of 
a marked deficit of chloride to overcome an alkalosis, in spite of 
the fact that total body sodium is approximately normal. This 
finding recalls the observation that the kidneys do not excrete 
water to preserve concentration in the presence of a large deficit 
of sodium and chloride (26). Perhaps renal adjustment does not 
function so as to restore normal concentration when there is a 
marked deficit of any of the constituents of body fluids. 


SUMMARY 


Cats were subjected to procedures leading to reduction in chlo- 
ride, increase in bicarbonate, and no change in sodium in the 
serum. This resulted in a well marked alkalosis which was 
allowed to persist for 24 hours. The effect of this change was 
studied on the chemical composition of brain, skeletal and cardiac 
muscle, and liver. 

There were no significant changes in the brain or skeletal muscle. 

Cardiac muscle showed an increase in potassium and phosphorus 
but no change in total water or its distribution. 

There were significant increases in the liver in water, potassium, 
phosphorus, and to a lesser extent sodium. These changes pre- 
sumably represented an expansion of the intracellular com- 
partment. 
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One of the most striking features of marine organisms is the 
variety and intensity of pigmentation to be observed in many 
forms. Where the color is due to the presence in the tissues of 
chemical compounds, the possibility arises that the structure of 
such compounds makes them useful in the economy of the organ- 
ism. The tissues of Mytilus californianus, where the underlying 
color is not masked by melanin, vary in color from very pale 
yellow to deep brick-red, depending on the condition of the ani- 
mal, its sex, and other factors as yet undetermined. The struc- 
ture of the animal is such that the pigmented tissues are not 
ordinarily exposed to light; it is then evident that the color, as 
such, can have no biological réle, and that any importance which 
may be attached to the pigmentation of the tissues must perforce 
be physiological in nature. 

Palmer (1922) was inclined to the view-point that carotenoid 
pigments were functionless, in the vertebrates at least; the subse- 
quent discovery of the chemical nature of vitamin A, however, to 
a large extent invalidated Palmer’s argument. The question now 
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remains, whether carotenoids other than vitamin A and its pre- 
cursors have any function in animals. The discovery that inverte- 
brate animals are able to synthesize specific animal carotenoids 
(Lederer, 1938) lends credence to the view that, among certain 
groups of invertebrates at least, colored carotenoids are impor- 
tant in metabolic processes. The only metabolic studies of the 
carotenoids of invertebrates known to the writer have been con- 
cerned with the zoosynthesis of pigments by Crustacea (Verne, 
1926; Abeloos and Fischer, 1926; Fischer 1927; Teissier, 1932; 
Lwoff, 1927). The synthesis of carotenoids from colorless pre- 
cursors by animals has not yet been demonstrated conclusively, 
although the paper of Lwoff gives strong evidence for the occur- 
rence of such a synthesis. 

Mytilus was selected for a metabolic study of carotenoids from 
the many pigmented organisms available because earlier studies 
from this laboratory (Fox et al., 1936, 1937) had shown its suit- 
ability for physiological work and given some information regard- 
ing its physiology. This investigation aimed to secure informa- 
tion with respect to the nature, origin, and metabolism of the 
pigments of Mytilus. 


Methods 


Preparation of Animals—The animals used were all collected 
from the inshore pilings of the Scripps Institution pier. The 
mussels were detached at low tide, care being used to avoid tearing 
the byssus fibers, the adhering organisms were scraped off the 
shells, and the mussels placed in aquaria supplied with running 
sea water. They were left there for at least 12 hours to permit 
evacuation of fecal material. For studies of the effects of fasting 
and of feeding various diets, five to ten animals were placed in 
each of a number of glass jars of about 10 liters capacit?, and sea 
water was added; the jars were then placed in a dark room kept 
at a constant temperature of 20°, and the water continuously 
aerated by a stream of fine air bubbles. The water was changed 
at appropriate intervals; distilled water was added when necessary 
to replace loss by evaporation. 

Extraction and Separation of Pigments—The volume of the entire 
animal (sheli volume) was first determined by displacement. The 
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mussel was then opened by severing the posterior adductor muscle; 
if a quantitative estimation of pigments was desired, the animal 
was inverted and the water drained out of the shell. The tissues 
were then dissected out, weighed, and extracted by grinding with 
sand under acetone. The extract was concentrated by evapora- 
tion under a stream of illuminating gas at temperatures ranging 
from 40-60°. The pigment was now passed into petroleum ether 
by dilution of the acetone with water; xanthophylls were separated 
from esters and carotenes by partition between petroleum ether 
and 90 per cent methanol. The details of these procedures are 
discussed by Zechmeister (1934), Lederer (1938), and Strain (1938). 

The total amounts of hypophasic (xanthophylls) and epiphasic 
(carotenes and xanthophyll esters) pigment were now estimated 
by spectrophotometric measurements of the absorption of light 
of wave-length 485 my by a carbon disulfide solution of the pig- 
ments. This wave-length was chosen because it was found that 
the region of maximum absorption of mixtures of mussel pigments 
always lay between 480 and 490 my (see Figs. 1 and 4). The 
values obtained by such a measurement can only be expected to 
be proportional to the total concentration when the relative quan- 
tities of different pigments in the mixture remain the same; how- 
ever, all of the pigments obtained from the mussel were found to 
have absorption maxima between 475 and 500 my, and the absorp- 
tion at 485 mu was in no case less than 90 per cent of that at the 
maximum (Fig. 2). The relative values obtained for concentra- 
tion of total pigment should therefore be fairly accurate. For 
measurements, an aliquot portion of the solution containing all 
of either the hypophasic or epiphasic pigments was evaporated 
to dryness, and the pigment residue dissolved in 5 ml. of carbon 
disulfide (reagent grade). The measurements were made with a 
Bausch and Lomb visual spectrophotometer, reading directly in 
density, where this quantity is defined as d = logio Io/J, d being 
the density, and J) and J being the intensity of a light beam after 
passing through equal and measured depths of pure solvent and 
pigment solution respectively. In solutions which follow Beer’s 
law, d = ecl, where / is the length of the absorbing path in em., 
e the molar concentration of the solution, and e a constant for 
any particular wave-length, known as the molecular extinction 
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(absorption) coefficient. ‘The measurement of density then affords 
a measure of the concentration if the extinction coefficient is 
known. The extinction coefficient of individual pigments was 
determined by measuring the density of solutions containing 
known concentrations of purified pigment. For mixtures, the 
extinction coefficient of crystalline 8-carotene at 485 my was arbi- 
trarily selected as a standard. 

Individual pigments were separated by the chromatographic ad- 
sorption method of Tswett (Zechmeister and von Cholnoky, 1937). 
Calcium carbonate (precipitated chalk, v.s.p.) was generally used 
as an adsorbent, it having been found to give the best separation 
of mussel pigments. As solvent, petroleum ether, benzene, or 
ethylene dichloride was used; in most routine analyses, benzene 
proved most satisfactory. For elution, a mixture of 1 part of 
absolute ethanol with 99 parts of petroleum ether was usually 
successful. 

Total lipids were determined by extracting the dried tissues 
with petroleum ether in a Soxhlet apparatus. The total lipid 
extract was saponified, and the organic acids separated from the 
non-saponifiable matter by partition between basic alcohol and 
ethyl ether. Organic nitrogen was determined by the Kjeldahl 
method on the fat-extracted tissues. 


Carotenoid Pigments of the Mussel 


Hypophasic Pigments—When the carbon disulfide solution of 
the mixed hypophasic pigments of the mussel is examined with 
the spectrophotometer, absorption curves similar to those shown 
in Fig. l are found. The curves shown represent most of the types 
obtained. It was concluded from studies of these curves that the 
pigments of the mussel are the same qualitatively in the two sexes, 
at any season, and after prolonged fasting. This conclusion is 
fully borne out by a study of the chromatograms obtained by 
passing benzene solutions of the pigments through columns of 
calcium carbonate. Minor differences in position and relative 
quantities of various pigments are seen, but, on the whole, the 
composition of the chromatograms is sufficiently uniform to justify 
the description of a typical chromatogram. 

Least strongly adsorbed, and hence near the bottom of the 
column, is a broad yellow band (Pigment I, Fig. 2). This pigment 
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has been crystallized, but in too small quantities to permit of a 
study of all of its properties. Its spectrum, with maxima at 460, 
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Fic. 1. Absorption spectra of hypophasic extracts of Mytilus tissues in 

| carbon disulfide. Abscissae, wave-lengths in my; ordinates, density 
(logio Jo/Z). The curves were determined by adjusting the depth of the 
solution so that the observed density at the maximum was equal to 1.00 
(ratio of transmitted to absorbed light = Jo/J = 10). The ordinates on 
the left and right sides, respectively, refer to alternate curves. 
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482, and 513 my,' resembles those of several xanthophylls; by use 
of the ‘three tube test’”’ (Lederer, 1938) it was proved to be iden- 
tical with zeaxanthin, secured from Dr. H. Strain’s laboratory 
through the kindness of Dr. G. Mackinney. 
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Fic. 2. Absorption spectra of individual hypophasic pigments (repre- 
sented by roman numerals) from Mytilus. Abscissae, wave-lengths in mg. 
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Above Pigment I, there always appears a thin red band (Pig- 
ment II). This pigment has not been crystallized. It lacks acidic 
properties, as does the similar pigment called glycymerin by Fabre 

1 Smith (1936) has studied the effect of the use of different instruments 
in measuring absorption spectra of carotenoids. The experimental values 
reported here were obtained with the visual spectrophotometer. Others 
are those cited by Strain (1938). 
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and Lederer (1934). The absorption curve of glycymerin is less 
symmetrical than that of Pigment II, however. Above Pigment 
II, there sometimes appears a thin red band (Pigment III) which 
is suspected of being a decomposition product of Pigment IV. 
Pigment IV is present as a very broad red band, sharp below and 
fading to pink above. It has been obtained in crystalline state. 
Several hundred mussels were ground in a meat grinder and ex- 
tracted with acetone. The acetone extracts were concentrated 
by boiling, and the pigment then taken up in petroleum ether. 
The hypophasic material was extracted with 90 per cent methanol, 
and then forced into petroleum ether by dilution with water. 
Some pigment separated as a flocculent precipitate at this point. 
The precipitate was dissolved in benzene. The petroleum ether 
solution was dried and evaporated, the residue likewise being dis- 
solved in benzene. Both solutions were chromatographed. Pig- 





Fic. 3. Crystals of mytiloxanthin, from methanol-water. X 400 


ment IV was separated from the other pigments, eluted, and dis- 
solved in benzene. Addition of petroleum ether caused formation 
of an amorphous solid mass of pigment. This was filtered out and 
dissolved in methanol. Addition of water resulted in the forma- 
tion of bundles of poorly defined rods (Fig. 3) decomposing at 
128-131° (Berl block; corrected). Recrystallization from ben- 
zene-petroleum ether gave an amorphous precipitate decomposing 
at 140-144° (Berl block; corrected). Both samples were dried for 
several hours in vacuo at 60°. 

The pigment is soluble in benzene, carbon disulfide, and meth- 
anol, but only slightly soluble in petroleum ether. It is hypo- 
phasic in the partition test between 80 per cent methanol and 
petroleum ether, but migrates into the petroleum ether layer when 
the methanol is diluted to 70 per cent. The addition of base to a 
solution of the pigment in alcohol causes an immediate change in 
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color from red to yellow. Acetic acid reverses this change. When 
base is added to a biphasic system consisting of 70 per cent meth- 
anol, petroleum ether, and Pigment IV, the pigment forms a scar- 
let-red precipitate at the interface. Addition of acetic acid to 
the point of neutrality causes the pigment to return to petroleum 
ether. The pigment is resistant to treatment with alkali; after 
33 hours at 70° in 5 per cent KOH in methanol, chromatographic 
comparison gave no evidence of change in composition. This 
pigment will be referred to in this paper as mytiloxanthin, since 
its properties are different from those of any carotenoid previously 
described. It is interesting to note that this pigment occurs in 
the tissues as a free acid, in contrast to astacin, which is found 
in many tissues as the neutral astaxanthin (Kuhn and Sérensen, 
1939). It should also be noted that frequent studies of the feces, 
which represent a fair sample of the ingested food in view of the 
inefficiency of the digestive tract of the mussel, have failed to 
show any evidence of the presence of mytiloxanthin in the food of 
the mussel. Mytiloxanthin was also found to be absent from the 
diatom Niteschia closterium, which is a constituent of the food of 
the mussel.% 4 

Above mytiléxanthin may occur yellow and orange bands of the 
type represented by Pigments V and VI. There are also found 
here from time to time pigments with spectra like those of Pig- 
ments III and IV. It is possible that some of these pigments are 
decomposition products of the main components. Pigment V, 
however, has a spectrum like those described for pentaxanthin 
(444, 474, 506 mu) and fucoxanthin (477, 510 my), pigments 
which might be expected to occupy a similar position on the chro- 
matogram. Pigment VI may be one of the isomers of zeaxanthin 
described by Zechmeister, von Cholnoky, and Polgar (1939). 

Epiphasic Pigments—In Fig. 4 are presented the absorption spec- 
tra of epiphasic extracts from the same animals and tissues as the 
hypophasiec extracts of Fig. 1. It is evident that the epiphasic 
spectra are as uniform as those from the hypophasic extracts, with 
the single exception of the extracts of the digestive diverticulum. 
Here, chlorophyll derivatives and other substances with strong 
absorption in the violet region obscure the spectra of the caro- 
tenoids. The nature of these obscuring substances has not been 
investigated. The chromatogram of the epiphasic extracts on 
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calcium carbonate is remarkably similar to that of the hypophasic 
extracts. Substances identical in position on the chromatogram 
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Fic. 4. Absorption spectra of epiphasic extracts of Mytilus tissues, in 
earbon disulfide. Abscissae, wave-lengths in mu. 


and in absorption spectra with Pigments I and IV have been 
observed; both become hypophasic after hydrolysis, and are prob- 
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ably esters of zeaxanthin and mytiloxanthin respectively. Two 
or three other bands, of small intensity and uncertain occurrence, 
appear from time to time. The remarkable fact, however, is that 
all of the pigments in the epiphasic fraction are strongly adsorbed 
to calcium carbonate. Very rarely, in mussels collected only a 
few hours before analysis, small quantities of pigments not ad- 
sorbed to calcium carbonate are observed; these are presumably 
carotenes. Otherwise, carotenes seem to be completely absent 
from the mussel, despite the fact that they are undoubtedly pres- 
ent in the plant material which serves as the principal food supply 
of this animal. Substances behaving like carotenes in respect 
to partition between solvents and adsorption affinities were ob- 
served in the diatom Nitzschia closteritum and the dinoflagellate 
Prorocentrum micans, both of which (Buley, in Fox et al., 1936) 
serve as food for the mussel, and in the feces of animals fresh from 
the sea. 

In June, 1939, advantage was taken of the presence in the sea 
water off the Institution pier of large numbers of Prorocentrum 
to secure further data regarding this question. Approximately 
1.5 gm. of these organisms were collected by filtering the water 
through a fine silk net and by centrifuging. At the same time, a 
sample of mussels, which had presumably been feeding on these 
organisms, was collected and the feces obtained. The feces, 
judging from the amount of light absorbed by a carbon disulfide 
solution of the pigments at 485 my, contained 4.38 mg. per cent 
of hypophasic pigment, while the plankton contained only 2.26 
mg. per cent. However, the feces contained 0.752 mg. per cent 
of epiphasic pigment, while the dinoflagellates contained only 
0.258 mg. per cent. That is, the ratio of hypophasic to epiphasic 
pigment in Prorocentrum was about 9:1, while the same ratio 
for the mussel feces was 6:1, indicating definite selection of hypo- 
phasic material in the digestive tract of the mussel. 


Effects of Fasting and of Certain Other Physiological Changes on 
Pigments of the Mussel 


Seasonal and Sexual Variations—During the winter, spring, and 
summer of 1939, approximately 50 normal mussels were analyzed 
individually for carotenoid pigments. The range of concentra- 
tions of hypophasic pigments was from 1.00 to 9.60 mg. per cent. 
(It should be noted that the values for concentrations and weights 
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given in this section of the paper are only relative, being based on 
determinations of the light absorbed at 485 my, and expressed 
in terms of mg. of 8-carotene.) The female mussels occupied the 
upper portion of the range (1.76 to 9.60 mg. per cent, mean 4.95 
+ 0.421, standard deviation 1.93), while the males had in general 
smaller concentrations of pigment (1.00 to 6.45 mg. per cent, 
mean 2.21 + 1.27, standard deviation 1.32). No striking seasonal 
variation was apparent, although the analysis of larger numbers 
throughout the year might have shown some slight changes. 
No correlation between size and carotenoid concentration could 
be established. 

The epiphasic pigments did not show the same relation to sex. 
The range obtained for males was 0.182 to 0.72 mg. per cent, with 
a mean value of 0.356 + 0.03 and a standard deviation of 0.147. 
The values for females covered virtually the same range, from 
0.169 to 0.864 mg. per cent, mean 0.34 + 0.04, standard deviation 
0.174. Again there was little evidence for any variation with 
season of the year or size of the animal. 

Effects of Fasting—Preliminary studies were carried out in which 
it was attempted to alter the concentration of carotenoid by pro- 
longed fasting. The results were insufficient to show any definite 
trend, except that as much as 3 months of fasting did not appear 
to cause any significant reduction in either epiphasic or hypophasic 
pigments. A carotenoid-free diet, consisting of 1 part of finely 
ground casein, 3 parts of starch (arrowroot or corn-starch), and 
0.01 part of cholesterol was fed to certain other mussels, being 
suspended in the water with the mussels, and replenished as fast 
as removed by them. The mussels ingested this food, as was 
evident from the presence of abundant white feces in the jars. 
However, no change in total weight occurred in approximately 
2 months of such éeedings, during which time a control group of 
mussels kept in the sea at the end of the pier nearly doubled in 
weight. Two mussels, fasted from January 20 to May 1 and 
from June 23 to August 2, and fed on this diet in the intervening 
period, contained respectively 0.446 and 0.591 mg. per cent of 
epiphasic, and 3.80 and 6.29 mg. per cent of hypophasic pigments. 
In view of the fact that the latter animal was a male, the former 
being of indeterminate sex, these results would indicate that in a 
total period of 196 days without carotenoids no appreciable change 
in concentration occurred. 
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To test these observations carefully was subsequently at- 
tempted. Approximately 200 mussels were collected on August 
17, 1939. Of these 150 were distributed among fifteen jars of 
sea water in a dark room at a temperature of 20°. The other 50 
were analyzed as rapidly as possible. Of the fifteen experimental 
jars, the mussels in eight remained without food; those in another 
three were fed on a basal diet consisting of 1 part of dried brewers’ 
yeast, 2 parts of casein, and 7 parts of corn-starch. The food 
mixture was known to yield no pigment to any of the normal 
carotenoid solvents. The animals in the remaining three jars 
were fed a pure culture of Nitzschia closterium. The feedings were 
initiated after a month of preliminary fasting, and were continued 
during approximately 3 months. The basal diet was usually 


Tasie | 
Effect of Fasting and of Various Diets on Body Weight of Mussels, Expressed 
by Change in Ratio of Shell Volume to Tissue Weight 


é Shell volume Shell volume Shell volume 
Treatment Time a mal) - — (mal) - (ml.) : 
Tissue weight Soma weight Gonad weight 
(gm.) (gm.) (gm.) 
days 
Fasting 0- 30 2.50 + 0.04 4.33 6.93 
=e 43- 74 3.03 + 0.07 4.94 9.38 
" 116-124 3.49 5.50 10.20 
146-175 4.00 5.95 14.85 
Nitzschia 138-169 3.60 5.64 11.12 
Basal 140-160 3.92 6.09 14.45 


added to the jars as rapidly as it could be removed by the mussels. 
About 1 liter of relatively concentrated Nitzschia suspension was 
added to each of the three jars daily. Both diets were readily 
ingested. The water was changed weekly in afl but the jars con- 
taining the animals on the basal diet, in which it was changed 
daily. Feedings were usually made on 5 days of each week. 
Effect on Tissue Weight—As a measure of the effectiveness of the 
various experimental treatments, the ratio of shell volume to wet 
weight of tissues was selected. The average values of this ratio 
for various intervals and tissues are presented in Table I. The 
ratio of volume to total tissue weight appears to increase linearly 
at a rate of approximately 0.01 per day, over the period of the 
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experiment. If this weight loss is assumed to result solely from 
the combustion of carbohydrate, a value for the oxygen consump- 
tion of the mussel at 20° of 1.25 cc. of O2 per gm. per hour is ob- 
tained. Whedon and Sommer (1938), measuring this quantity 
directly, obtained values ranging from 0.3 to 2.0 cc. Nitzschia 
feeding appears to retard this weight loss, but the basal diet is 
without effect. 

Effects of Fasting, Etc., on Individual Tissuwes—In order to learn 
whether the observed sexual differences in pigmentation were due 
simply to the accumulation of pigment in the ova, and to follow 
the movement of pigment within the body during fasting, the 
gonads and somatic tissues were separated in most of the analyses. 
From the first, it was found that the differences in concentration 
of hypophasic pigment were not confined to the gonads, but 


Taste II 

Mean Concentration (in Mg. Per Cent) of Pigments in Gonads and Somatic 
Tissues of Twenty Mussels, Collected August 17, 1939, and Analyzed 
_before September 5, with Serual Differences and Their Standard Errors” 























: Hypophasie pigment | Epiphasic pigment 
— ™ Dat Soma | Gonad in Soma Gonad 
Male... 11.90 + 0.25) 5.36 + 0.590.285 + 0.08 0.691 + 0.08 
Female oft 42 + 0. 19) 10.97 + 2.3 ped a 413 + 0.06 0.570 + 0.08 
Difference pias “2. be + 0. 31 5.61 + 2.4 0. 128 + 0.10 —0.321 + 0.09 





extended as well to somatic tissues. This is shown in Table II. 
If we choose to consider as significant only those differences which 
are at least twice their standard errors, we find that the hypophasic 
pigments of both somatic and gonad tissues and the epiphasic 
pigment of the gonads differ significantly in concentration between 
male and female tissues. The concentration of hypophasic pig- 
ment can be considered to be a true secondary sex characteristic, 
while that of epiphasic pigment is apparently dependent only on 
the accumulation of pigment in the testes, the composition being 
relatively uniform in all other tissues. 

The results of analyses of fasted animals, and of those fed on 
various diets, showed no significant changes in concentration of 
either type of pigment in either somatic or gonad tissue. This 
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relative constancy of pigment concentration suggests that the 
disappearance of pigment proceeds at the same rate as the loss of 
weight by the fastinganimal. Table II] indicates the rate of weight 
loss. It is immediately evident that the weight loss is sustained 
mainly by the gonads, that the basal diet has no effect in retarding 
this loss, but that feeding Nitzschia serves to retard it to some 
extent. It should be noted that the effect of Nitzschia is exerted 
chiefly on the gonads. 

Changes in Absolute Quantity of Pigment—To determine the 
rate at which pigment disappears, the data in Table II were used 
to calculate the average initial amount of pigment in a typical 
mussel having a shell volume of 125 ml., with tissues weighing 50 
gm. The average concentration of pigment at the conclusion of 
the various experimental treatments was then used to determine 
the amount of pigment remaining in a mussel of the same shell 
volume, with a tissue weight corresponding to the values in Table 
I. The resulting quantities are presented in Table III. It 
will be noted that in many instances only a few animals were avail- 
able for analysis. The figures must consequently be regarded as 
indicative only of trends. 

We observe an apparent increase in amount of pigment in the 
ovaries of two females surviving fasting for approximately 120 
days. However, this increase does not constitute proof of syn- 
thesis, in view of the fact that certain normal females had amounts 
of pigment slightly greater than those attained by these two ani- 
mals. <A high degree of retention of pigment is indicated, however. 
The epiphasic pigments of the ovaries of fasted females appear to 
increase regularly in amount with time; those females fed with 
Nitzschia have a larger amount than did the normal females at the 
beginning of the experiment, but somewhat less than did the fe- 
males at 65 days; those fed the basal diet show a definite but small 
decrease in amount. It should also be noted that the largest 
decreases recorded in Table III are those observed in animals 
fed the basal diet; the ovaries, testes, and female somatic tissues 
especially lose large quantities of hypophasic pigment, while the 
testes and the somatic tissues of both sexes lose epiphasic mate- 
rial. In the fasted animals, the testes show the greatest and most 
consistent loss of hypophasic and epiphasic pigments alike. Ex- 
cept for the fact that the feeding of Nitzschia appears to retard the 














oe 
Y 
e 
= 
o 
TS. 
~~ 
— 





880°0 
1S0°0 
6¢9°0 
0220 
76S 0 
91Z°0 
cr’? 
98°0 

£1 

£°S% 








£60°0 
8Z8°0 
91F'0 
L9°1 
088 "0 
6° FI 
96°¢ 
4 
G2 


I 
Ost 

















“tN 


£60°0 





9220 
160°0 
98°T 
86 °0 
v's 
0L6°0 

0° 6% 
9% F 

ara | 

8° 2 


peuor 
Bwog 
psuoyy 
BUlog 
peuor) 
Bul0g 
peuor) 
wuUl0g 


“Bu 

‘guow Zid oiseydidea jo yysIOM 
% ‘bw ‘yuowsid 

oiseydide jo uoljesyue0N0Z 
‘Bw ‘yuow 

-Zid oweydodAg jo yysI0MK 
% ‘bw ‘yuewsid 

oisvydodAy jo uoryesyus0u0(Z 


‘m6 ‘4yZI0M ONSST], 








z 
OZT 

















sorvure,y 














*9U9}0180-g JO “Zul 0} YUaTBAINbe sv possoidxe 918 8}YFZIOM PUB SUOI}VIZUIDUOZ 
s7a1q7 snow A Burpaag uo pun burjsvg bursnp juawbig fo jyb19 4 10/0, puv uoynsjuaou0g ur sabuvyy 


Ill @14v 7 














re 


es rer 


MS ds on. acne nae 
































290 Metabolism of Mussel Carotenoids 


loss of pigment from the tissues of males, the other changes are 
not of great significance. 

Changes in Individual Pigments—In addition to the analysis of 
total pigments, the changes in concentration of zeaxanthin and 
mytiloxanthin were also followed. These results are summarized 
in Table IV. It should be noted that the values for concentration 
and absolute weight are here exact, being based on measurements 
of the absorption coefficients of pure compounds, whereas the 
values for total pigments were only roughly proportional to actual 
concentrations and weights. There appears to be a definite 
increase in the concentration of zeaxanthin in all tissues of fasted 
mussels of both sexes. Moreover, there is a definite increase in 
the total amount of zeaxanthin present in all tissues of other ani- 
mals as well, with the single exception of the gonads of the males 
fed the basal diet. This increase is largest in the ovaries of fasted 
females, and is especially evident in the gonads of those animals 
fed Nitzschia. Mytiloxanthin, on the other hand, appears to 
decrease slightly in concentration. There is evidently a decrease 
in the absolute amount of mytiloxanthin in all but the males fed 
Nitzschia; here there is a relatively large increase in the testes, 
and a smaller increase in the somatic tissues. The largest de- 
creases are observed in the gonads of the animals fed the basal 
diet; the somatic tissues of such animals show a decrease, as do 
the females fed Nitzschia. 

Effects of Spawning on Carotenoid Content—During the course 
of the experiment, spawning occurred in more than half of the 
jars. The only consistent feature of the spawning was that it 
invariably occurred from 1 to 12 hours after the water had been 
changed; none occurred during the first 2 months of the experi- 
ment, but spawning was observed at frequent and more or less 
regular intervals during the succeeding 3 months. It was not 
possible to observe which mussels in a given jar were spawning; 
it was therefore necessary to assume that all mussels in a jar in 
which spawning was observed had spawned. 

Table V shows the weights of the tissues and the amounts of 
pigment present in these mussels, compared with the same quan- 
tities in unspawned mussels treated similarly. Unfortunately 
none of the animals fed Nitzschia spawned. The values are 
all computed in the same way as those in Tables III and IV from 
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observed tissue weights for the spawned animals. In general 
it may be said that the amounts of pigment are greater in normal 
than in spawned fasted animals, with the reverse being true of 


TABLE V 


Effect of Spawning on Amount of Carotenoid (in Mg.) in Mussels Fasted and 
Those Fed Basal Diet 





Tissue weight, gm. 























Soma 2.0 | 20 | 206 | 219 
Gonad | 842 | 703 | 866 | 7.63 
Females. No. of animals 
5 _ &) weeen. @ 4 @ 2 *& £ <b 
ok eR — | 
Epiphasic pigment | Soma 0.091 | 0.078 0.052 0.065 
| Gonad | 0.226 | 0.102 | 0.058 | 0.136 
Hypophasic pigment | Soma 0.970 0.724 | 0.430 0.469 
| Gonad | 3.544 | 0.980 | 0.625 | 0.926 
Zeaxanthin | Soma 0.278 | 0.210 | 0.202 | 0.141 
Gonad | 0.728 | 0.287 | 0.278 | 0.274 
Mytiloxanthin | Soma | 0.351 0.319 | 0.305 0.176 
Gonad 0.545 0.505 


0.925 | 0.438 


u \ 








Males. No. of animals 























| ee 7 2 | 1 | 2 
Epiphasic pigment | Soma | 0.048 | 0.036 | 0.029 | 0.042 
| Gonad | 0.074 | 0.044 | 0.051 | 0.069 
Hypophasic pigment | Soma 0.309 | 0.246 | 0.140 | 0.164 
| Gonad | 0.441 | 0.504 | 0.207 | 0.352 
Zeaxanthin | Soma | 0.044 | 0.062 | 0.024 | 0.042 
| Gonad | 0.141 | 0.171 | 0.043 | 0.111 
Mytiloxanthin | Soma | 0.096 0.103 0.039 | 0.053 
| Gonad | 0.241 | 0.195 | 0.062 | 0.129 











animals fed the basal diet. The results of both carotenoid content 
and tissue weight measurements for spawned animals fed the 
basal diet are contrary to those for normal animals in that both 
tissue weights and carotenoid contents are generally higher in the 
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spawned animals. Either the two groups were not comparable at 
the beginning of the experiment, or these particular animals were 
able to make use of the basal diet, both for tissue formation and 
for the synthesis of carotenoids. 

Aside from these results, however, it can be said that in general 
the amount of carotenoids present in the gonads of fasted mussels 
decreases subsequent to spawning. This would be expected in 
females, for which analysis of shed ova shows the following com- 
position: epiphasic 0.490 mg. per cent, hypophasic 12.00, zeaxan- 
thin 2.45, mytiloxanthin 6.50. If the difference between normal 
and spawned female mussels is taken to be due entirely to the 
shedding of eggs, however, it is found that the decrease in caro- 
tenoid content is greater than could be accounted for in this way. 
Furthermore, since the sperm is not pigmented, one would not 
expect any loss in carotenoid due to spawning in males. Never- 
theless, a loss of both epiphasic pigment and mytiloxanthin has 
taken place from the gonads of the fasted males. It is interesting 
to note that the increase in zeaxanthin which has taken place in 
these males is almost exactly equal to the decrease in mytiloxan- 
thin. 

Effects on General Metabolism. Lipids—Table V1, the values 
for which were calculated in the same way as those for Table V, 
shows the changes in amount of total lipid, organic acid, and non- 
saponifiable matter during the course of the experiments. It will 
be noted that the total lipid shows the same type of sexual differ- 
ence, when the whole animal is considered, as does the hypophasic 
pigment. However, when individual tissues are examined, it is 
found that this difference is due almost entirely to the accumula- 
tion of organic acids in the ovaries, and presumably in the eggs. 
The somatic tissues of the two sexes do not differ significantly 
from one another, and the non-saponifiable matter likewise differs 
little in amount in the various tissues. It will in general be seen 
also that the sum of organic acids plus non-saponifiable matter 
is never equal to the total lipid, and is often as little as half of the 
latter quantity. This disparity has not been explained satisfac- 
torily. 

Fasting reduces the lipid content of the mussels, but not during 
the first 60 days. This is in line with the view that glycogen con- 
stitutes the principal energy store of mollusks. From 40 to 50 
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per cent of the total lipids and from 20 to 50 per cent of the non- 
saponifiable matter are lost between 60 and 150 days; about 30 
per cent of the somatic organic acids of females is lost during this 
period, but the ovaries lose only a small fraction of their organic 
acids, an indication that these are deposited in the eggs, to remain 
isolated from the rest of the body. The males lose nearly 60 per 
cent of their testicular organic acids during fasting. The non- 
saponifiable matter shows the same trend, being lost in consider- 


TaBLe VI 


Changes in Lipids of Mussel during Fasting, on Feeding Various Diets, and 
after Spawning 


Non-saponi- 

















No. Total lipid = fiable matter 
Treatment Days| .%. ——- eS 
mi} ¢/ 2/9/49) 4] 3 
l@}/3/8/5/8| 8 
mg. mg. mg. mg. mg. mg. 
Males Fasting 10; 6 | 254 |232 
Se 60} 8 | 224 |226 | 60.5) 84.4) 61.0) 57.0 
a 150| 3 | 141 |107 | 37.8) 35.0) 33.0) 30.6 
" spawned | 150) 3 163 | 94.9) 47.4) 41.3) 41.9) 26.8 
| Nitzschia (150 5 | 154 |150 | 37.4) 49.6] 41.3) 36.1 
Basal diet | 150) 0 | 
“  ~ gpawned| 150} 2 | 131 | 82.0) 36.8) 23.2) 32.9] 23.1 
Females | Fasting 10; 3 | 294 [532 | 
=. — 60) 5 | 295 425 | 77.6142 | 53.1) 75.5 
a. | 150} 4 | 156 |264 | 56.7|137 | 41.4) 46.0 
| gpnawned | 150) 4 | 182/154 | 60.0) 65.5) 40.0} 26.8 
| Nitzschia | 150! 1 | 199 |346 
| Basal diet 150) 5 | 154 |185 | 43.5) 99.4) 32.0} 38.0 
“«  gpawned) 150} 4 | 134 | 86.5) 26.9] 31.0} 30.2) 18.4 


able quantities from all tissues of both sexes. The feeding of 
Nitzschia retards this loss of lipids from males. The feeding of 
the basal diet is virtually without effect in females. 

Water, Protein, Carbohydrate—The water content of the tissues 
remains nearly constant throughout, the mean values for the 
somatic tissues being 83.00 + 0.363 per cent and for the gonads 
81.65 + 0.834 per cent; the difference between the two types of 
tissue is not significant. The values are lower than those obtained 
by Dr. D. L. Fox (personal communication) on whole mussels, 
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owing to an inevitable loss of blood during dissection. The pro- 
tein content of the tissues, expressed as 6.25 times the organic 
nitrogen content of the fat-extracted tissues, shows no difference 
with sex, and is only slightly higher in the gonads (10.6 per cent) 
than in the somatic tissues (9.8 per cent) after 60 days of fasting. 
Further fasting results in only a slight decrease in the somatic 
tissues though a noticeable change takes place in the gonads. In 
fasted animals, there is a tendency for the protein concentration 
to increase, although a few individuals show a marked decrease. 
In animals fed Nitzschia and the basal diet, the concentration falls 
sharply below the level of the fasted animals. This is likewise 
true in general of spawned animals, the gonads of which have very 
low protein concentration, regardless of sex. 

Since the fat content is small compared with that of proteins, it 
may be assumed that carbohydrate concentration varies inversely 
with that of proteins. If this is true, then we may say that car- 
bohydrates decrease in concentration in the gonads of fasted ani- 
mals between the 2nd and 6th months of fasting. In the somatic 
tissues, there is little change in concentration; in the gonads of 
animals fed Nitzschia and the basal diet, the decrease is retarded. 
It appears likely also that in fasted mussels the concentration of 
carbohydrates in the gonads of spawned is larger than that in 
unspawned mussels. 


DISCUSSION 


Zechmeister (1937) divides vertebrates into four groups, with 
respect to the types of carotenoid stored; the mussel is evidently 
similar to animals such as the birds in that only xanthophylls are 
selected from the dietary supply of carotenoids available. Fur- 
thermore, there is evidence, from the relative simplicity and con- 
stancy of the qualitative picture presented by the carotenoids of 
the mussel, that only a few xanthophylls are selected. 

These few pigments are subjected to certain transformations 
by the mussel, including esterification and the synthesis of the ani- 
mal pigment mytiloxanthin. Some light is thrown on this syn- 
thesis by the experiments during fasting; in the fasted males, the 
amount of mytiloxanthin showed a progressive decrease. When 
the animals were fed the diatom Nitzschia, known to contain no 
mytiloxanthin, the amount of mytiloxanthin, instead of decreas- 
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ing, increased. Evidently some substance present in Nitzschia 
serves as a precursor for mytiloxanthin. 

Further evidence of synthesis of pigment by the mussel is pro- 
vided by the fact that zeaxanthin increases in amount during 
fasting; such an increase takes place when mussels are fed on the 
basal diet as well. When Nitzschia is fed, furthermore, zeaxanthin 
accumulates to a much greater extent than during fasting. Cer- 
tain observations of Heilbron and Phipers (1935) are of interest 
in this connection; on the basis of rather scanty evidence, they 
postulate a conversion of fucoxanthin to zeaxanthin in the alga 
Fucus vesiculosus. Strain (1938) finds no evidence of such a 
change in higher plants, but, in view (1) of the presence of a sub- 
stance (Pigment V, Fig. 2) resembling fucoxanthin in the mussel 
and in Nilzschia, and (2) of the report of Heilbron and Phipers 
that a substance resembling mytiloxanthin in some of its proper- 
ties is found in Fucus, further chemical and physiological study of 
the interrelations of fucoxanthin, mytiloxanthin, and zeaxanthin 
should be of interest. 

The most striking quantitative feature of the pigmentation of 
the mussel is its variation with sex. As was noted in the experi- 
mental part, both somatic and gonad tissues of females contain 
a higher concentration of hypophasic pigment than similar tissues 
of males. The association of carotenoids with sex is a common 
one. Most ova of marine animals are colored by carotenoids, and 
the corpus luteum of mammals acquired its name from the color 
conferred upon it by its carotenoid content. The work of Moewus 
(1939) indicates that the pigments crocin and crocetin are con- 
cerned with the development of motility and with conjugation 
in gametes of the alga Chlamydomonas. Sexual differences in 
pigment concentration are fairly common in animals (Verne, 1926) 
and are known in plants (Emerson and Fox, 1940). 

The results of the fasting experiments permit several con- 
clusions. First of all, it is noted that the metabolism of caro- 
tenoids is apparently not an intense one. The pigments disappear 
during fasting at a rate which insures that their concentration in 
the tissues rarely falls by any significant amount, and may even 
increase slightly. It appears that loss of pigment is accelerated 
by two factors. First, those animals fed the basal diet appear to 
have lost more pigment than the fasted animals. Secondly, 
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spawning seems to result in a loss far in excess of that to be ex- 
pected from the mere removal of carotenoid in the eggs. If we 
assume, on the basis of most of the determinations of body weight, 
that the basal diet was not utilized by the mussels, while some 
benefit was derived from the Nitzschia cells which were fed, we 
may derive a tentative explanation of these phenomena. The 
feeding process, in the mussel, involves (1) production of a current 
of water through the mantle cavity by means of the ctenidial 
cilia, (2) secretion of mucus by the ctenidial cells, (3) entanglement 
of food particles in the mucus, with transfer of the mucus strands 
containing food to the mouth by the action of the cilia. Fasting 
mussels, living in water completely free of suspended matter, 
would presumably not carry on this process to any considerable 
extent; only a current of water sufficient for respiratory purposes 
would probably be produced. Feeding mussels, on the other hand, 
would be active continually in filtering the water and ingesting 
food. If they were unable to digest the basal diet, they would 
have no source of material to replace the substances consumed by 
the activities of feeding; on the other hand, by digesting and ab- 
sorbing a portion of the Nitzschia material, they would be able 
to replenish these substances to some extent. It seems likely, 
then, that tissue carotenoids are consumed in the course of the 
activities associated with feeding. The association, in the verte- 
brates, of vitamin A with the integrity of mucous surfaces is 
brought immediately to mind. 

The disappearance of carotenoids from the gonads of fasted 
animals may be taken as an indication that the carotenoids play 
some réle in gametogenesis. This view-point is strengthened by 
the observation that the gonads act as a store of reserve caro- 
tenoids, drawn upon in fasting. The gonads also serve as a store 
of carbohydrate, but not of lipid, which disappears uniformly 
from all the tissues in fasting. In line with this last observation, 
it should be noted that the distribution of carotenoids is inde- 
pendent of that of other lipids; this is contrary to the assertion 
which is sometimes made (see Zechmeister (1937)) that the dis- 
tribution of carotenoids in the animal body is dependent largely 
on their solubility in fatty substances. Both lipids and caro- 
tenoids, however, are accumulated to a considerable extent by the 


eggs. 
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SUMMARY 


1. The results of a qualitative study of the carotenoid pigments 
of Mytilus californianus are reported. 

2. It is found that only xanthophylls of a few types and their 
esters are present in the tissues of the mussel; Mytilus selects the 
xanthophylls of the food and rejects the carotenes. 

3. A new acidic xanthophyll with an absorption maximum at 
500 my is described, and provisionally referred to as mytiloxanthin. 

4. Quantitative studies of the distribution of carotenoids in 
Mytilus show that the concentration of hypophasic pigments in 
all tissues of female mussels is higher than that of males. 

5. The changes in concentration and amount of carotenoid, 
lipids, organic nitrogen, and water were followed during a period 
of 6 months, in mussels subsisting on a basal carotenoid-free 
diet, on a diet of Nitzschia closterium, and without any source of 
food. 

6. It is found that the gonads act as a store of carotenoid and of 
carbohydrate, but not of lipid. The concentration of carotenoids 
is independent of that of lipids. 

7. Prolonged fasting results in a very small loss of pigment; 
during fasting mytiloxanthin disappears and zeaxanthin is formed. 

8. Both mytiloxanthin and zeaxanthin increase in amount when 
the diatom Nitzschia is fed; mytiloxanthin is not present in Nitz- 
schia. 

9. The activities of feeding and of gametogenesis are shown to 
be associated with an increased destruction of pigment. 

10. The results of the investigation are definitely in favor of 
the view that carotenoids play a positive réle in the metabolism 
of Mytilus. 
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LETTERS TO THE EDITORS 





THE UTILIZATION OF CARBON DIOXIDE IN THE 
SYNTHESIS OF a-KETOGLUTARIC ACID* 


Sirs: 


The utilization of carbon dioxide in photosynthesis and in the 
metabolic processes of certain bacteria,! plants,? and yeast® has 
been clearly demonstrated. Using radioactive carbon, we have 
been able to show a comparable assimilation of carbon dioxide by 
the tissues of a higher animal; namely, in the synthesis of a-keto- 
glutaric acid from pyruvic acid by pigeon liver. 

The protocol of a typical experiment follows. 8.1 gm. of 
minced pigeon liver were suspended in 60 ml. of the Krebs saline- 
bicarbonate medium,‘ pH 7.4, in which the bicarbonate had been 
prepared from radioactive carbon (C,,) obtained by the bom- 
bardment of boron with deuterons. 1.7 ml. of 0.1 M sodium 
malonate were added and the tissue suspension equilibrated with 
a mixture of 95 per cent O2 and 5 per cent CO: for 10 minutes at 
40°. 10 ml. of 0.2 m sodium pyruvate were added and the reac- 
tion vessel shaken vigorously for 40 minutes at 40°. The solution 
was deproteinized with metaphosphorie acid and, after the addi- 
tion of a small quantity of a-ketoglutaric acid to act as a carrier, 
the a-ketoglutarate was precipitated as the 2,4-dinitrophenyl- 
hydrazone. The precipitate, after thorough washing with 10 
per cent HCl and drying in vacuo, melted at 222° (uncorrected) 


* This work has been aided by grants from the Dr. Wallace C. and Clara 
A. Abbott Memorial Fund of the University of Chicago and from Armour 
and Company. 

1 Wood, H. G., and Werkman, G., Biochem. J., 30, 48 (1936); 32, 1262 
(1938) ; 34, 7 (1940). Phelps, A. S., Johnson, M. J., and Peterson, W. H., 
Biochem. J., 33, 726 (1939). Elsden, 8. R., Biochem. J., 32, 187 (1938). 
Carson, 8. F., and Ruben, 8., Proc. Nat. Acad. Sc., 26, 422 (1940). Barker, 
H. A., Ruben, S., and Kamen, M. D., Proc. Nat. Acad. Sc., 26, 426 (1940). 

* Ruben, S., Hassid, W. Z., and Kamen, M. D., J. Am. Chem. Soc., 61, 
661 (1939). 

® Ruben, S., and Kamen, M. D., Proc. Nat. Acad. Sc., 26, 418 (1940). 

‘ Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 
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and showed no depression of the melting point on being mixed 
with a sample of the hydrazone. The substance was intensely 
radioactive (as measured by a Lauritzen electroscope) and con- 
tained about 3 per cent of the added activity. The hydrazone 
was recrystallized from 50 per cent ethanol, washed, dried in 
vacuo, the melting point measured (222°, no depression with the 
control sample), and the activity determined. The activity of 
the recrystallized material compared with the original precipitate 
corresponded closely to that calculated on the basis of the rate of 
decay of the radioactive carbon (21 minutes) and the time taken 
for recrystallization, indicating the identity of the radioactivity 
with a-ketoglutaric acid. 

The data are unequivocal in demonstrating the participation 
of carbon dioxide in the synthesis of a-ketoglutaric acid from 
pyruvic acid in the pigeon liver. Since pigeon liver can synthe- 
size a-ketoglutaric acid from oxaloacetic acid plus pyruvic acid, 
the data suggest, as the simplest hypothesis, that carbon dioxide 
combines directly with pyruvic acid to yield oxaloacetic acid, the 
latter then combining with an additional molecule of pyruvate to 
form a-ketoglutarate by the reactions previously described. 
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